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ABSTRACT
My general objective was to assess the nature and extent of genetic diversity within and 
among thirteen populations of the native North American dioecious tree, Gleditsia 
triacanthos located in northern, southern, western and central portions of the species’ 
range of distribution using leaf tissue samples collected from all populations. I 
investigated genetic diversity using Random Amplification of Polymorphic DNA. To 
measure genetic differentiation I used several statistics, including Shannon’s index of 
diversity, Wright’s fixation index, Nei’s genetic distance, and indirect gene flow. To 
compare samples I used Analysis of Molecular Variance.
Results indicate a high percentage of polymorphic loci per population. Relatively high 
levels of variation are evident within populations, but low levels among populations. 
Results of regional comparisons indicate higher levels of genetic variation within regions 
than among regions. In periphery, higher levels of gene flow and less genetic 
differentiation are present compared with the center of the range. No specific bands are 
found to distinguish categorically between female and male individuals. Results assessing 
the patterns of genetic variation among thomed and thornless individuals show no 
significant differences between groups.
in
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Chapter 1 Introduction
1.1 - Population genetic diversity and the factors which influence it
All organisms carry a genetic blueprint regardless of whether they are plants, animals, or 
fungi, whether they are short- or long-lived, and whether they reproduce sexually or 
clonally (Falk et al. 1996). Examples that illustrate how genetic composition affects 
biological form and function abound in the scientific literature (e.g., Hamrick et al. 1979). 
In fact, recognition of genetic variation among individuals was a primary insight that led 
to the formulation of evolutionary theory as we know it today (Freeman & Herron 1998). 
Genes regulate body development, size, shape, physiological processes, behavioral traits, 
reproductive characteristics, tolerance of environmental extremes, dispersal and 
colonizing ability, the timing of seasonal and annual cycles (phenology), disease 
resistance, and many other traits (Raven et al. 1986). Thus to ignore genetic variation in 
ecology would be to ignore one of the fundamental forces that shape the biology of living 
organisms.
Genetic diversity in natural populations is a major concern of evolutionary biologists 
because the amount and distribution of genetic diversity are likely to affect the 
evolutionary potential of species and/or populations (Maki 2001). In the last three 
decades, a vast amount of data on genetic diversity in natural plant populations has 
accumulated, and correlations between genetic diversity and various species attributes 
have been examined (e.g., Hamrick & Godt 1989).
1
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The genetic profile of populations typically varies from place to place across a species’ 
geographic range (Meffe & Carrol 1994). Species possess patterns of genetic diversity 
that reflect both the biology and history of species (Wright 1965; Nei 1975). For example, 
according to Slatkin (1985), nearby populations of plants that are pollinated by bees may 
share many alleles because genes can flow easily among sites. Such species may have 
fewer unique alleles per population, and different populations tend to be genetically 
similar. By contrast, there may be less gene flow among populations of species that are 
pollinated by ground-dwelling flightless beetles, or whose heavy fruits fall to the ground 
in the vicinity of the parent tree (Slatkin 1985).
Gene flow can also be obstructed by physical barriers (e.g., topography, or habitat that a 
pollinator, disperser, or migrating individual cannot cross), as well as by disturbance 
(Levin 1981; Slatkin 1987). Even if genetic variation within a population is low, there 
may be considerable variability among populations (Aguirre-Planter et al. 2000). To 
understand this better, we can imagine a plant that lives in high mountaintop alpine areas, 
in which every individual on a given mountain is nearly identical genetically to others 
(Falk et al. 2001). In one population, individuals will all be nearly identical to each other; 
individuals in another population will also be nearly identical to each other, but because 
different populations are very isolated from one another, the individuals in the second 
population may all be very different from individuals in the first population. Under such 
circumstances, most of the variation here is among populations; within-population 
variation is low or nonexistent. Falk et al. (2001) give a counter example in which a 
species lives in tallgrass prairie, where suitable habitats are relatively close to one another 
(or even continuous), and dispersal among populations is common. Among these sites,
2
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gene flow is high, so most populations are similar (that is, most polymorphic alleles are 
widely distributed). This illustrates a species with a high proportion of variation 
distributed within populations, while among-population variation is relatively small.
Because genetic differentiation has been shown to occur on geographic as well as micro­
geographic levels (e.g., Schmitt & Seitz 2002), the study of population genetic structure 
in plants is necessarily hierarchical. Any such study must first estimate individual levels 
of genetic variation and then the degree to which it is partitioned between and among 
populations (Schnabel & Hamrick 1990). The magnitude of genetic differentiation among 
populations is almost solely determined by the ability of a species to disperse its genes 
(Loveless & Hamrick 1984; Hamrick & Godt 1989), and this gene flow occurs separately 
via both maternal and paternal pathways (Ellstrand 1992a), that is, via seed and pollen 
dispersal.
Information on the distribution of genetic variation across the range of a species is 
fundamental to our understanding of ecological and evolutionary processes. Partitioning 
genetic variation into geographical components (e.g., among regions, among and within 
populations, between individuals) and examining genetic patterns at a range of spatial 
scales (Suyama et al. 2000; Nassar et al. 2001) can provide information on founder events 
and bottlenecks, on patterns o f gene flow, and on fme-scale processes such as clonal 
growth. Genetic structuring among populations may result from limitations to gene flow, 
genetic drift, spatial variability in selection, or a combination of these factors. Genetic 
structuring among geographic regions may result from major barriers to gene flow, in 
populations with discontinuous distributions, or in populations with continuous
3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
distributions, due to processes such as glaciations which have played a role in 
colonization processes (Avise 2000).
1.2 - Dispersal and gene flow
Species are composed of genetically divergent units usually interconnected by some level 
of gene flow (Soule 1987b). Because of this restriction in gene flow, natural selection can 
genetically tailor populations to their environments through the process of local 
adaptation (Wright 1931). Levels of gene flow among populations of many plant species 
are low (Levin & Kerster 1974; Levin 1984; Slatkin 1985a; Ellstrand 1992 a, b). The low 
value in most plants allows differentiation among populations which may be directly 
related to geographic distance among populations (Fischer et al. 2000).
Gene flow in plants -  the immigration of genes, gametes, or individuals into resident 
populations - is determined partly by breeding, pollination, and dispersal systems (Levin 
& Kerster 1974). Higher levels of gene flow occur in insect-pollinated, wind-pollinated, 
and obligate outcrossing species (Ellstrand & Hoffman 1990).
The spatial distribution of genetic variation within plant populations has been widely 
studied using spatial autocorrelation techniques (Chung et al. 2002). This has allowed 
classification of population genetic processes and demonstrated evolutionary forces 
including limited seed and pollen dispersal, adult density, colonization history, and, 
potentially, micro-environmental selection (Epperson 1993; Smouse & Peakall 1999; 
Kalisz et al. 2001).
4
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With respect to forest tree species, many studies have revealed significant fine-scale 
genetic structuring within populations (Schnabel & Hamrick 1990a; Perry &
Knowles 1991; Schnabel et al. 1991; Knowles et al. 1992; Hamrick et al. 1993; Sork et al. 
1993; Montalvo et al. 1997; Ueno et al. 2000). This variation may be due to the different 
ecological and genetic factors operating in natural populations, as well as the different 
sampling protocols and spatial scales, and finally may also be due to different statistical 
procedures (Streiff et al. 1988; Smouse & Peakall 1999; Gram & Sork 2001).
For example, although single populations or study sites have been analyzed for most 
studies of spatial-genetic structure in tree species, the classified populations of animal- 
dispersed tree species may have very different spatial structures (Schnabel & Hamrick 
1990a; Aldrich et al. 1998; Schnabel et al. 1998). Furthermore, the scale and magnitude 
of genetic structure can differ significantly between life stages of trees, with juveniles 
often exhibiting greater within-population structuring than adults (Hamrick & Nason 
1996; Kaliszetal. 2001).
As a result of this variability, genetic structure and its causal ecological and evolutionary 
processes may not be evident from the analysis of a single life stage (Tonsor et al. 1993; 
Epperson & Alvarez-Buylla 1997; Aldrich et al. 1998; Schnabel et al. 1998; Kalisz et al. 
2001). Moreover, failure to detect significant genetic structure may occur at spatial scales 
either smaller or larger than those investigated. Basic knowledge of the dispersal biology 
of a species is thus an important prerequisite in designing studies in which appropriate 
spatial scales can be examined.
5
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According to Gaggiotti & Marciano (1996), the amount of genetic variability in a 
population is determined by its effective population size (Ne), the average number of 
individuals in a population contributing genes to the next generation. Ne depends on many 
factors, including fluctuations in the overall population size (Silvertown & Lovett-Doust,
1993). The overall population sizes, in turn, may fluctuate tremendously because of 
environmental changes, for example affecting recruitment -  the influx of new individuals 
into a population via reproduction. These variations in natural recruitment can influence 
genetic variability of the population over time.
With regard to genetics, ecological life history traits may affect the distribution of genetic 
diversity, both within and among plant populations (Loveless & Hamrick 1984; Hamrick 
& Godt 1990). Thus, Hamrick & Godt (1990) used seven two-trait combinations (e.g., 
breeding system and seed dispersal mechanism) for five life history characteristics to 
analyze inter-specific variation in the level and distribution of allozyme genetic diversity 
in seed plants. Highly significant differences were seen among categories for all seven 
comparisons. Life form and breeding system had highly significant influences on genetic 
diversity and its distribution (Hamrick & Godt 1990). Hamrick and Godt (1990) stated 
that regardless of other traits, outcrossing species tended to be more genetically diverse 
and had less genetic differentiation among their populations; woody plants have less 
among population differentiation and somewhat more genetic diversity than non-woody 
species with similar life history traits. In an analysis of twelve plant families, Hamrick 
and Godt (1990) indicated that species in families having predominately outcrossing and 
woody species had more genetic diversity and less inter-population differentiation than 
species within families having predominately herbaceous species.
6
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Genetic variability is also known to increase fitness in populations of many plant species 
(Hamrick et al. 1979; Barrett & Kohn 1991). As described by Wright (1946), population 
genetic theory predicts the loss of genetic diversity in populations which remain small for 
several generations, due to genetic drift; and in populations initiated from a small number 
of colonists, due to founder effect; and in populations which suffer rapid declines in size 
due to population bottlenecks, particularly if  recovery is slow or if size fluctuations are 
frequent (see Barrett & Kohn 1991). Divergent results have been reported for the 
relationships between plant population genetic variability and population size (van 
Treuren et al. 1993; Widen 1993; Dolan 1994; Oostermeijer et al. 1994; Raijmann et al. 
1994; Weidema et al. 1996; Montgomery et al. 2000). For example, Lammi et al. (1999) 
studied the genetics and ecology of a rare perennial plant, Lychnis viscaria, and 
determined there was a positive association between genetic diversity and population size, 
as expected. The smaller populations had less genetic variation, presumably because of 
genetic drift, founder effects, and bottlenecks. Furthermore, population size was not 
associated with germination rates, seedling mass, or seed yield (Lammi et al. 1999).
Genetic variability in a species occurs both among individuals within populations as well 
as among populations (Wright 1978). Variation within populations is lost through genetic 
drift (Allendorf et al. 1987), a process that increases when population size becomes small. 
Variation among populations is lost when previously restricted gene flow between 
populations is increased for some reason (e.g., supplemental stocking of wildlife, removal 
of natural barriers such as waterfalls); differentiation between populations is lost as a
7
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result of the homogenization of two previously distinct entities (Altukhov & Salmenkova 
1987; Campton 1987).
1.3 - Pollen -  mediated gene flow
Gene flow within and among populations is considered major component of plant 
reproductive ecology, affecting both the genetic structure and adaptation in populations 
(Rieseberg & Burke 2001; Lenormand 2002). Flowering plants exchange genes among 
populations by the movement of pollen, and dispersal of seed which subsequently 
develop into new plants within and among populations (Cain et al. 2000). Plants, 
especially forest trees, can disperse their genes over large distances via pollen (Hjelmroos 
1991; Lindgren et al. 1995; Di-Giovanni et al. 1996; Nason et al. 1998; Rogers & Levetin
1998). For example, Ellstrand (1988) concluded that from engineered crops to their wild 
relatives pollen transport can occur over distances of 1000 m or more, in some systems, 
and studies of pollen-mediated gene flow have received much recent attention (Ellstrand 
1992a,b; Sork et al. 1999; Hamrick & Nason 2000; Smouse & Sork 2004).
Pollen dispersal is a major component of gene flow in plant populations (Robledo- 
Amuncio & Gil 2005). Although it lacks the colonization function of seeds, the potential 
for long-distance transport in male gametes greatly influences genetic processes that have 
central evolutionary implications, such as ‘isolation by distance’ within otherwise 
continuous populations, and gene exchange among spatially isolated populations (Wright 
1946; Crawford 1984; Ennos 1994).
8
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In plant species, gene migration occurs first through pollen, then through seeds. These 
components of migration often differ in scale, and consequently, differ in their impact on 
genetic population structure and variation. The distribution of such genetic variation 
within and among populations is of importance to the adaptation and adaptability of a 
species (Slatkin 1985a; Slatkin 1987; Levin 1988) and for gene conservation efforts (El- 
Kassaby & Ritland 1996 a, 1996 b). Knowledge of dispersal is of practical importance in 
forest management, because pollen migration can reduce the genetic gain in seed orchards 
and breeding programs. It may also alter the genetic composition o f open-pollinated 
families used in progeny tests (Adams 1992; Ellstrand 1992 b).
Two major limitations are inherent in studies of pollen flow based on paternity analysis. 
First, despite increasingly high-resolution genetic markers, total exclusion of all but one 
male when assigning paternity to offspring from maternal trees remains beyond most 
practical situations (Chakraborty et al. 1988). Fractional paternity analysis and likelihood- 
based procedures have been developed to tackle this problem, providing unbiased 
estimates of male reproductive success (Meagher & Thompson, 1986; Devlin et al. 1992; 
Smouse & Meagher 1994). Second, the exhaustive sampling of males required for 
paternity assignment often limits the spatial extent of analysis, for practical reasons, to the 
point that a very substantial number of offspring are found to have been sired by 
unknown males from outside the study area (Chakraborty et al. 1988).
Small, isolated populations provide useful opportunities for mating and pollen dispersal 
studies. A reduced number of individuals potentially allow total discrimination of pollen 
contributions, enabling categorical and more definitive paternity analysis. In addition, it
9
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will be possible to collect seeds from virtually all trees, extending the experimental scale 
to the whole population and achieving ample individual replication. Additionally, if 
spatial isolation results in the absence of substantial pollen immigration, most of the 
observations can be converted into mating distances, and little information will be lost for 
the estimation of the effective pollen dispersal distribution or other within-population 
reproductive parameters. Besides such analytical advantages, small population genetic 
processes are significant in themselves, from an evolutionary and conservation point of 
view (Ellstrand & Elam 1993).
An important question arises when inferring the effective pollen dispersal distribution in 
small populations, namely the extent to which the results obtained can be compared 
among different spatial and/or demographic situations. Under the theoretical framework 
of ‘competing pollen sources’ (Levin & Kerster 1974; Adams 1992), the mating success 
of a given individual is proportional to its relative contribution to the pollen cloud around 
different female trees. Different effective pollen dispersal distributions can thus be 
expected when population size ranges from a few tens of scattered individuals to several 
hundreds or thousands of trees, growing in dense woodlands and adding their long­
distance pollen contributions. One way to generalize measurements of gene flow is to 
estimate the mean dispersal probability density function for individual plants [i.e., the 
dispersal “kernel” (Baguette 2003)]; this has been used to model gene escape from 
plantations of transgenic crops, colonizing processes of plants, or to draw inferences 
about factors affecting male reproductive success (Kot et al. 1996; Lavigne et al. 1996; 
Clark 1998). The dispersal kernel describes the probability of a pollen grain traveling a 
given distance source. It is by definition independent of the experimental design,
10
permission of the copyright owner. Further reproduction prohibited without permission.
providing a test of how effective pollen dispersal is affected by differences in number, 
density, or spatial distribution of conspecific reproductive individuals (Lavigne et al. 
1996).
From investigations of Pinus sylvestris, Robledo-Amuncio & Gil (2005), showed that the 
number and distribution of potential pollen donors in small populations may strongly 
influence the patterns of effective pollen dispersal. At high plant density, pollinators may 
become limiting, reducing pollen deposition and subsequent reproductive success (Waser 
1978a, 1983; Rathcke 1983). Interspecific pollen transfer is a more common mechanism 
(Waser 1983). Evolution of the overall floral display may therefore depend on the relative 
strength of inter- and intraspecific competition. Caruso (1999) used Ipomopsis aggregate 
(Polemoniaceae) and Castilleja linariaefolia (Scrophulariaceae) as a model system to 
assess the relative importance of intra- and inter-specific competition for pollination. 
Results suggested that for the first species, inter-specific competition for pollination was 
stronger than intra-specific competition. When C. linariaefolia was present, the 
conspecific pollen deposition onto I. aggregate was reduced by 25%. The pollination of I. 
aggregat, in this study is clearly influenced by the presence of competitors for pollinator 
service. The presence of C. linariaefolia may also influence components of male fitness, 
such as the amount of I. aggregate and the amount of pollen exported (Caruso 1999).
t
The relative importance of pollinator visitation and inter-specific pollen transfer as 
mechanisms of competition may also influence the genetic structure of plant populations 
(Campbell 1985a) and plant species’ spatial patterns (Pleasants 1980). Pollination will be 
low at low plant density because there are too few plants to attract pollinators (Caruso
11
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1999). As the density of plants increases, they should be more attractive to pollinators and 
pollination should increase until there are too many plants for pollinators to adequately 
service, at which point pollination should again decrease (Rathcke 1983).
1.4 - Ecological factors influencing gene flow
Gene flow is a major evolutionary force, homogenizing genetic variation across 
populations by moving alleles form one population to another (Wright 1951; Slatkin 
1987). Natural populations are characterized by a number of ecological features 
influencing the intra-specific and inter-specific interactions of their members and thus the
dynamics of the population itself (Bosch & Waser 1999). Important factors include the
Ipopulation size and age structure, the sex ratio, number of individuals in the population, 
isolation of the population from others of the same species, and population density. All 
these attributes can vary dramatically from population to population, due both to natural 
causes and, increasingly, to anthropogenic influences. Pollination by animals is expected 
to vary with the population context of particular plants and flowers. This is because 
animals visit flowers while foraging for resources, and tend to forage in ways that are 
economically efficient, and because efficiency will be influenced by attributes of the plant 
population (Pyke 1984; Ingvarsson & Lundberg 1995; Waser et al. 1996; Waser & Price 
1998). Thus for example Bosch and Waser (1999) explored effects of plant density on 
pollination and seed set in the larkspur Delphinium nuttalliarum and in monkshood 
Aconitum columbianum. Bosch and Waser determined that pollination service to both 
species was, at best, only weakly related to plant density. In contrast, seed set declined by 
approximately one-third in sparse populations, relative to nearby dense populations.
12
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Diminished seed set may stem from the receipt of low-quality pollen (e.g., inbred pollen). 
Alternatively, seed and fruit sparsity may indicate poor environmental conditions that 
lower seed set for reasons unrelated to pollination itself. Thus, for example, considering 
the relationship between pollen load and seed set Bosch and Waser (1999) indicated that 
plants produce more seeds in dense than in sparse plots, for the same amount of pollen, 
over most of the natural range in pollen loads. Bosch and Waser detected variation in 
residuals among focal plants of both species, because individual plants are likely to vary 
in nutrient status, among other factors that influence their translation of pollen received 
into seed set.
Trillium grandiflorum has been used as a model system in several population genetic 
studies (Kalisz et al. 1999, 2001, Irwin 2001), and in this species seed dispersal by deer 
provides a mechanistic basis for interpreting large-scale patterns of genetic structure. At 
the same time, ant dispersal in tree species has important implications for genetic 
structure of T. grandiflorum at small spatial scale ( ~ 0.02 ha, Kalisz et al. 1999, 2001). 
Ants do not move seeds much more than 10 m from parent plants (Kalisz et al. 1999), and 
this cannot explain apparently high gene flow rates among more distant populations (> 1 
km apart, Irwin 2001). Deer are clearly implicated in gene flow over large distances in T. 
grandiflorum, and perhaps in other ant-dispersed forest herbs as well.
Vellend et al. (2003), further investigated how viable seeds of Trillium grandiflorum are 
dispersed via ingestion and defecation by white-tailed deer. They showed that most seeds 
dispersed by deer should travel at least several hundred meters from parent plants, and 
occasionally > 3 km. The ability of plant species to track rapid climate change and to
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persist in highly fragmented landscapes depends critically on dispersal of seeds into 
suitable habitats.
The consequences of long-distance dispersal have been the subject of numerous recent 
theoretical studies (e.g., Clark 1998; Clark et al. 2001), and are of intense interest given 
the implications for invasion dynamics, population genetic structure, and vegetation 
response to future climate change (Pitelka et al. 1997; Cain et al. 2000). In conclusion, 
seed dispersal via ingestion and defecation by deer provides a mechanism of long­
distance dispersal that has likely contributed to rates of postglacial migration (Cain et al. 
1998; Pakeman 2001) and post-agricultural forest colonization by forest herbs (Matlack
1994).
1.5 - Long-distance dispersal
Vellend and Waterway (1999) compared the genetic diversity of a northern wetland 
sedge, Carex rariflora, both within and between populations, in different habitat types, 
and across geographic regions with different glacial histories using allozyme variation. 
Carex rariflora is circumboreal wetland sedge, with both long-spreading and short- 
clumping rhizomes. They sampled twelve populations: five from each of two regions in 
northern Quebec, and two from northern Yukon. Results of allele frequencies revealed a 
low degree of within-population genetic diversity and a high degree of genetic 
differentiation among populations. Higher genetic variability found in the Yukon than in 
Quebec could be explained by the presence of a glacial refugium in much of Alaska and 
the Yukon, throughout the Pleistocene.
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The low genetic diversity observed by Vellend and Waterway (1999) in Quebec suggests 
the occurrence of genetic bottlenecks, resulting from founder effects during postglacial 
colonization. There was a strong positive correlation between geographic distance and 
genetic distance among populations, and the three geographic regions were genetically 
distinct from one another. Vellend and Waterway (1999) concluded that geographic 
separation is more important than habitat differences in determining the pattern of genetic 
diversity in C. rariflora and historical factors can have overriding effects on levels of 
genetic diversity. According to these authors, low genetic diversity and high genetic 
differentiation among populations can be explained by small population sizes, limited 
recruitment by seed, and founder effects in Quebec during postglacial colonization from 
the south or east.
Cain et al. (2000) reviewed long-distance seed dispersal in plant populations. They 
consider a seed dispersal event to be of “long distance” if  it is over 100m. According to 
Cain et al. (2000), long-distance seed dispersal influences the spread of invasive species, 
metapopulation dynamics, and diversity and dynamics in plant communities. Cain et al. 
structured their work around two kinds of argument. First, that long-distance seed 
dispersal is of particular importance in situations where seeds that travel long distances 
have a critical impact (e.g., island colonization, Holocene migrations, responses to global 
change, metapopulation dynamics). Second, they argue that genetic methods provide a 
broadly applicable way to monitor long-distance seed dispersal. Several promising 
genetic approaches to estimating long-distance seed dispersal are under active 
development, including assignment methods, likelihood methods, genealogical methods, 
and genealogical/demographic methods (Cain et al. 2000).
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The populations of many plant species are spatially isolated from each other, often by 
hundreds of meters or more. For such species, seed dispersal represents the only way that 
populations can exchange individuals or colonize empty, but suitable habitat. 
Long-distance seed dispersal is inherently difficult to measure directly. Cain et al. 
suggested that genetic methods can effectively document the extent to which plant 
populations are linked by long-distance seed dispersal. Genetic estimates of dispersal 
usually are based on tissue of seedlings or later stages of development (Cain et al. 2000). 
When samples are taken in this manner, genetic estimates of dispersal reflect both the 
movement and establishment of seeds. As such, genetic estimates of seed dispersal curves 
usually provide a measure of “effective seed dispersal”, that is, dispersal plus 
establishment, not actual seed dispersal (Cain et al. 2000).
Many studies of plant species have focused on contemporary pollen movement because 
pollen dispersal is often considered to have greater spatial scale than seed dispersal 
(Ennos 1994). Some studies have shown that pollen-mediated gene flow increases across 
fragmented landscapes, as for tropical Ficus species with specialized pollinator systems 
(Nason & Hamrick 1997) and for Brazilian Dinizia excelsa, where fragmentation has led 
to a shift in pollinators from specialist native forest bees, flying relatively short distances, 
to nonnative generalist Africanized honey bees, which fly great distances (Dick et al. 
2003). Other studies have observed that fragmentation can lead to an increase in 
inbreeding and a reduction in gene flow for the relict individuals in forest fragments, as 
for the tropical dry forest dominant, Enterolobium cyclocarpum (Rocha & Aguilar 2001). 
In all these cases, anthropogenic disturbance has caused changes in the patterns of
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contemporary gene flow that will influence the future genetic structure of these 
populations.
Gene flow between populations is most often viewed as a homogenizing force in 
evolution (Coltman 2005). Whether or not two separate populations of a species become 
genetically different seems to depend largely on gene flow. Classical population genetics 
theory predicts that populations that frequently exchange individuals through dispersal 
will remain genetically similar (Slatkin 1987). According to Coltman (2005), 
disconnected populations, by contrast, have a greater capacity to become distinct through 
forces such as genetic drift and adaptation to local conditions. In population genetics, 
dispersal is often viewed as a diffusion-like, random process, arid selection and genetic 
variation are assumed to be locally homogenous. Populations of organisms having high 
rates of dispersal -  such as birds -  are therefore expected to be genetically similar at small 
spatial scales (Coltman 2005). In contrast, less mobile organisms, such as plants, should 
be more dissimilar among populations.
Maki (2001) examined genetic diversity at 17 putative allozyme loci in 18 populations of 
the insular endemic Aster miyagii. This species is geographically restricted to only three 
islands of the Ryukyu Islands located in the south of the Japanese Archipelago and is on 
the federal list of threatened plants of Japan. Genetic differentiation within islands was 
small, suggesting that gene flow among populations on the same island is sufficiently 
large to prevent divergence. By contrast, genetic differentiation among islands was large, 
suggesting that any gene flow between the islands is highly restricted. In the 
southernmost island, genetic diversity was least. The genetic paucity o f that island is
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probably a result of a population bottleneck at colonization, or the small effective 
population size on this island (Maki 2001).
Mateu-Andres & Segarra-Moragues (2003) studied allozyme diversity within and among 
populations of five related taxa of Antirrhinum L. All were perennial herbs endemic to the 
Iberian Peninsula that form isolated populations. The level and distribution of allozyme 
diversity differed widely between taxa. Total variation was partitioned into within- and 
among-population variation. The proportion of variation within populations varied from 
about 67% up to 84.3% and 89.5% in two subspecies. Both these subspecies also showed 
little population divergence and had high levels of estimated gene flow. This result 
suggests that divergence among populations is due to random genetic drift.
On average, trees maintain the highest levels of allozyme variation of any group of plants 
(Hamrick et al. 1992). For example, trees maintain significantly more variation within 
their populations (Table 1.1). Available data indicate that trees also maintain high genetic 
diversity within their populations for quantitative traits, many of which may be adaptive 
(Hamrick et al. 1992). According to Hamrick et al. (1992), as important as the level of 
variation is, the distribution of genetic diversity among tree populations is probably more 
important in the context of global climate change. The plant allozyme literature indicates 
that trees generally have little genetic diversity among their populations. Results from 
Hamrick et al. (1992) stated that woody perennials, compared to annuals and herbaceous 
perennials, have significantly less genetic diversity at polymorphic loci (Ht), significantly 
higher within-population genetic diversity (Hs), and genetic diversity among populations 
(Gst) that is approximately 25% of that of annual plants (Table 1.2). They noted that
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woody species have lower overall levels of genetic diversity (H t) at their polymorphic 
loci. This appears to be due to woody plants having more polymorphic loci with highly 
skewed allele frequencies than other types of plants. The low G s t  values of most woody 
plants are consistent with trees having greater potential for moderate and long-distance 
gene movement (Hamrick et al. 1992). Hamrick et al. (1992) applied paternity analysis 
procedures to several isolated tree populations to obtain direct estimates of pollen flow. 
They showed that for populations of wind-pollinated species isolated by a few to several 
hundred meters, estimates of pollen flow rates vary between 25 and 70% (Table 1.3). For 
populations of insect-pollinated tree species, estimated rates o f pollen flow varied from 3 
to 90% (Table 1.3, by Nason and Hamrick 1997).
Understanding patterns of genetic variability and its distribution between populations is 
important for understanding the evolutionary history, breeding system and population 
structure of species ( e.g., Huang et al. 2001). Genetic diversity within populations is 
critical for coping with environmental changes and for long-term survival of a species 
(Vida 1994). Generally, most species with wide distributions have high genetic diversity 
both between and within populations (Hamrick & Godt 1990). In contrast, a rare species 
may become genetically depauperate because of its small population size (e.g. Saxifraga 
cernua, Bauert et al. 1998; Ludwigia x taiwanensis, Peng et al. 1999). Both genetic drift 
and inbreeding tend to reduce the genetic variation within populations and enhance 
genetic differentiation between populations (Hartl & Clark 1997).
Matolweni et al. (2000) studied genetic diversity and gene flow in the rare endemic plants 
Begonia dregei and B. homonyma. These two closely related species have high levels of
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phenotypic variation among populations in the shape of the leaves. Matolweni et al.
(2000) investigated the distribution of genetic variation and relatedness in twelve 
populations of B. dregei and seven of B. homonyma, using polyacrylamide gel 
electrophoresis. Genetic diversity measures indicated that the among-population gene 
differentiation represent >90% of the total genetic component in both species, considered 
individually or combined. This is an indication of restricted gene flow, consistent with the 
limited dispersal abilities of Begonia generally, and suggesting ancient separation of 
isolated forest patches.
1.6 - Plant gene flow in comparison to animal gene flow
The traditional view is that species evolve as cohesive units, held together by gene flow, 
acting to prevent populations from differentiating through local adaptation or genetic drift 
(e.g., Futuyama 1987). Population genetic theory provides a rough estimate of the amount 
of gene flow required to hold species together (Morjan & Rieseberg 2004). Indirect 
estimates of gene flow from molecular marker surveys indicate that historical levels of 
gene flow are probably somewhat higher than those estimated from direct observation 
today but confirm that for many taxa levels of gene flow are too low to overcome genetic 
drift and local selection within populations (Slatkin 1985a; Ellstrand & Elam 1993; Levin 
2000).
These results have led some researchers to conclude that plant populations (rather than 
species) are the functional units of evolution (Ehrlich & Raven 1969), and that species are 
arbitrary assemblages of these independently evolving units, and no different from higher 
levels of taxonomic organization (Mishler & Donoghue 1982; Mishler 1999). It is unclear
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whether a similar case can be made for animals; some authors argue that animal traits are 
more likely than plant traits to be influenced by numerous genes, because of the more 
integrative nature of animal development (Gottlieb 1984). Also, while gene flow is 
considered to be too low to explain the cohesiveness of plant species (Levin 1979), it is 
not thought typically to be limiting in animal species, except possibly for amphibian and 
freshwater fish species (Ward et al. 1992).
Recent analyses of among-population patterns of genetic variation have emphasized the 
correlates of among-population genetic variance including breeding system, especially 
outcrossing rates (Hamrick & Godt 1997), and pollination-mediated gene-flow (Sork et 
al. 1998). However, seed dispersal patterns can also have a dramatic influence in the 
partitioning of genetic variation within and among populations, as demonstrated by 
extensive allozyme studies (Hamrick et al. 1993; Hamrick & Godt 1997). Typically, 
animal-dispersed species show a moderate to large within-population component of 
genetic variation, associated with extensive gene flow via seed dispersal in addition to 
outbreeding via pollen flow (Hamrick et al. 1993).
1.7 - Mode of reproduction
The mode of reproduction (sexual vs. asexual) is likely to have important effects on 
genetic variation and its spatial distribution within plant populations (Harada & Iwasa 
1996; Winkler & Stocklin 2002), since sexual reproduction is accompanied by genetic 
recombination and asexual reproduction is not. Genetic recombination leads to the 
continuous emergence of new genotypes and thus can buffer the loss of genotypic
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diversity (Torimaru & Tomaru 2004). Species reproducing only sexually show more 
differentiation than species that reproduce both sexually and asexually (Hamrick & Godt 
1990).
For dioecious species, the sex ratio constitutes a fundamental structural parameter of a 
population and is related to reproductive strategies, growth patterns and survival rates 
(Freeman et al. 1976; Banuelos & Obeso 2004). In many dioecious species, males and 
females are known to respond differently to different types of stress (Lovett-Doust et al. 
1987; Bertiller et al. 2002). Females are expected to be more sensitive to environmental 
stress than males because female reproductive effort requires the largest input of 
resources (Freeman et al. 1976).
1.8 - Timing and phenology
In seasonal environments, the proper timing of reproduction is critical for maximizing 
fitness (Reekie & Bazzaz 1987; Kozlowski 1992), and is therefore likely to be influenced 
by natural selection. By influencing the abiotic and biotic environment in which 
reproduction takes place, flowering phenology can strongly influence seed number 
(Alatalo & Totland 1997; Totland 1999), pollination success (Waser 1978; Gross & 
Wemer 1983; Totland 1997; Gugerli 1998), and the likelihood of seed predation (Gross 
& Wemer 1983; Brody 1997). Rapid or slow flowering also determines the allocation of 
resources to growth vs. reproductive output (Reekie & Bazzaz 1987; Kozlowski 1992; 
Molan 1993). Rapidly changing precipitation, temperature, and other climatic factors over 
the next century (Houghton et al. 1996) are likely to destabilize seasonal and genetic cues 
for developmental shifts between growth and reproduction each year (Inouye et al.
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2002). Altered maturation rates may in turn affect reproductive output, interactions 
among species, and the overall functioning of ecosystems (Stinson 2004).
Organisms exist in environments that vary in time and over space (Falk et al. 2001). Such 
variation is often described in terms of the natural or historic range of variability in 
environmental conditions such as weather, disturbance events, resource availability, 
population sizes of competitors, etc. (White & Walker 1997). Since differences among 
individuals are determined at least partly by genotype, population genetic theory predicts 
that in variable environments a broader range of genetic variation (higher heterozygosity) 
will persist (Tilman 1999).
Knapp et al. (2001) documented flowering periods in a population of blue oak trees. They 
determined that trees initiated flowering over a period of one month in the spring. Such 
variability could potentially be adaptive, since it is more likely that at least some trees in 
the population will flower during warm sunny periods when pollination is most 
successful.
1.9 - Species diversity and genetic diversity
Vellend (2005) recently analyzed connections between species diversity and genetic 
diversity. It has long been recognized that species diversity and genetic diversity are 
influenced by a common set of processes. Speciation and mutation are the only ultimate 
sources of diversity. Selection, drift, and migration all influence the relative frequency of 
“variants” in populations and communities, whether these variants are species or alleles.
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Attributes of habitat patches such as area, isolation, and environment heterogeneity are 
thus expected to influence diversity in similar ways at the two levels (Vellend 2005).
Data on islands and fragmented habitat patches indicate that indeed there is a general 
positive correlation between the two levels of biodiversity (Vellend 2003, 2004;
Vellend & Geber 2005). Species diversity and genetic diversity may also be casually 
related (Vellend & Geber 2005). Species diversity in a community may act as a source of 
balancing or diversifying selection on particular populations, and genetic diversity within 
populations may influence their interspecific interactions and probability of persistence.
1.10 - Genetic drift and inbreeding
Two genetic consequences of small population size are increased genetic drift and 
inbreeding (Ellstrand & Elam 1993). Genetic drift refers to changes in allele frequency 
from generation to generation caused by sampling error (Lesica & Allendorf 1999). In 
large populations, chance changes in allele frequency due to drift are generally small. In 
contrast, in small populations (< 100 individuals), allele frequencies may undergo large 
and unpredictable fluctuations due to drift (Barrett & Kohn 1991). The smaller a 
population, the greater will be the genetic drift. Genetic drift causes a loss in genetic 
variation (heterozygosity and allelic diversity) within populations (Nunney & Ellam
1994). The founding of a new population by a small number of individuals will cause 
abrupt changes in allele frequency and loss of genetic variation (Barrett & Kohn 1991; 
Ellstrand & Elam 1993). Such severe population size “bottlenecks” associated with the 
establishment of a new population are a special case of genetic drift (Lesica & Allendorf 
1999).
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Genetic drift changes the distribution of genetic variation in two ways: the decrease of 
variation within populations (loss of heterozygosity and eventual fixation of alleles), and 
the increase of differentiation among populations (Ellstrand & Elam 1993). Every finite 
population experiences genetic drift, but the effects become more pronounced as 
population size decreases (Falconer 1989; Futuyama 1987).
Inbreeding is the mating of related individuals (Falconer 1989). In plants, inbreeding 
occurs typically in two ways: through selfing, and through bi-parental inbreeding. Selfing 
may be prevented in plants by self-incompatibility or by dioecy (Barrett & Kohn 1991). 
Biparental inbreeding will most likely occur when populations are small or when they 
exhibit spatial genetic structure. Structure will often develop when gene dispersal via 
pollen and seed are spatially restricted (e.g., Turner et al. 1982). Inbreeding increases 
homozygosity within populations (Ellstrand & Elam 1993). Smaller populations generally 
should lose heterozygosity faster than larger populations. In populations having 
continuous inbreeding, the frequency of heterozygotes should approach zero (Futuyama 
1987).
1.11 - Local adaptation
Numerous studies have demonstrated that plants evolve local ecotypes closely adapted to 
their immediate environment (Rapson & Wilson 1988). For example, Penstemon eatonii 
seed shows apparently adaptive ecotypic differentiation for germination requirements. 
Seed from high-elevation populations required long chilling periods, while those from 
low elevations needed only short chill times for germination (Meyer et al. 1995). While 
many widespread species demonstrate adaptive genetic variation over their range, others
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maintain wide ecological amplitude, apparently by means of one or a few highly 
adaptable, phenotypically plastic genotypes (Bradshaw 1965). The Eurasian grasses 
Bromus tectorum and B. rubens, for example, occur in many different environments in 
western North America, but there is a little evidence for genetic differentiation among 
populations from most of these habitats (Rice & Mack 1991). The African grass 
Pennisetum setaceum has adapted to widely different habitats on the islands of Hawaii 
without detectable genetic differentiation (Williams et al. 1995).
1.12 - Landscape-level effects
The metapopulation concept has emerged as a dominant paradigm for the description of 
natural populations (Hanski & Gilpin 1997). Cain et al. (2000) defined metapopulation 
broadly as a set of spatially disjunct populations linked by dispersal. Spatially disjunct 
populations of plants are often separated from each other by many hundreds of metres, 
while most plant seeds disperse far less than 100m (Cain et al. 2000). Thus, the extent to 
which plant populations in a metapopulation are linked by dispersal will depend entirely 
on the extent to which long-distance seed dispersal occurs. Long-distance dispersal is 
likely to be important in plant metapopulation dynamics. However in their review of the 
literature, Murphy and Lovett-Doust (2004) concluded that most plant species for which 
evidence exists, appear not to be arranged regionally as metapopulations.
The overall pattern of genetic variation within and between subpopulations also suggests 
a ‘classical’ metapopulation structure o f the species, supported by ecological surveys. 
Many populations exist as metapopulations, that is, as populations structured into 
interconnected demes with local “turnover” dynamics of extinction and recolonization
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(Andrewartha & Birchl954; Hanski 1999). Evolutionary processes in metapopulations 
differ in many aspects from those in large, uniform populations. These include the fact 
that gene flow among demes may be restricted, local demes may be small, and turnover 
dynamics can lead to genetic bottlenecks during recolonization (Andrewartha & Birch 
1954; Hanski & Gilpin 1997; Hanski 1999). Moreover, metapopulation structure may be 
important for evolutionary processes, even in populations that do not exist as ecological 
metapopulations (i.e., with turnover dynamics too weak to influence demography). This is 
because many migrants are needed to homogenize the genetic structure o f subdivided 
populations, whereas only a few individuals may be needed to recolonize an empty patch 
(Ives & Whitlock 2002).
Murphy and Lovett-Doust (2004) reviewed the important effects of the matrix -  via 
composition and configuration of habitat patches, extent of edges, patterns of land use, 
etc., upon plant populations. They described evidence supporting a general integration of 
metapopulation and landscape ecological approaches for understanding regional 
dynamics in plants, emphasizing notions of connectivity. Murphy and Lovett-Doust 
concluded that many plants exist in situations where individuals are not clustered in their 
distribution, and where definition of distinct populations becomes problematic, and where 
suitable habitat patches are not easily delineated. According to Murphy and Lovett-Doust, 
the description of the landscape in terms of suitable patches and a homogenous matrix 
greatly oversimplifies reality, and an interactive, landscape-based approach is likely to be 
more valuable in understanding regional scale dynamics.
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Theory predicts that turnover dynamics mostly (but not invariably) lead to increased 
genetic differentiation and decreased local genetic diversity as compared to similiarly 
structured populations without extinction and recolonization dynamics (Slatkin 1977; 
Wade & McCauley 1988; Whitlock & McCauley 1990; Austerlitz et al. 1997,2000; Le 
Corre & Kremer 1998; Panned & Charlesworth 1999).
The reason why turnover dynamics mostly increase genetic differentiation and decrease 
local genetic diversity is that recolonization events usually involve a smaller number of 
individuals than the demes can eventually support, and extinction limits the life time of 
demes, during which subsequent gene flow can ameliorate the effect of these founder 
events. Yet in metapopulations with strong founder effects not only neutral but also 
selective processes may influence genetic differences between young and old populations.
Haag et al. (2005) stated that if colonization of empty patches causes genetic bottlenecks, 
freshly founded, young populations should be genetically less diverse than older ones that 
may have experienced successive rounds of immigration. This can be studied in 
metapopulations with subpopulations of known age. Haag et al. (2005) studied allozyme 
variation in metapopulations of two species of water flea {Daphnia spp.), in the 
archipelago of southern Finland. They determined that local genetic diversity increased 
with population age, whereas the extent of pair-wise differentiation among pools 
decreased with population age. These patterns indicated that extinction and recolonization 
dynamics decrease local genetic diversity and increase genetic differentiation in these 
metapopulations by causing genetic bottlenecks during colonization. Haag et al. (2005) 
suggest that the effect of bottlenecks may be twofold, namely decreasing genetic diversity
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by random sampling and leading to population-wide inbreeding. Subsequent immigration 
then may not only introduce new genetic material, but also lead to the production of non­
inbred hybrids, selection for which may cause immigrant alleles to increase in frequency, 
thus leading to increased genetic diversity in older populations.
In 1992, Manicacci et al. looked through the distribution of genetic diversity in a 
landscape, and stated that this depends on both within- and among-population processes. 
Selective pressures within populations have traditionally been studied in terms of 
population genetics, which usually assumes that populations are at equilibrium. However, 
when selection pressures within and among populations differ, landscape processes are 
required to define an equilibrium (landscape being defined as the habitat of a set of 
populations, called a metapopulation, and with populations differing depending on their 
situation in the landscape, e.g., their age and the nature of neighboring populations).
One of the goals of population genetics is to explain how polymorphisms are maintained 
in natural populations. To achieve this goal, both the distribution of diversity and the 
outcomes of selection are usually studied at the population level (Tracey & Ayala 1973). 
However, processes occurring within populations do not appear to explain the 
maintenance of some traits. Diversity is also known to be present among populations, and 
studies at larger scales, including a set of populations, need to be developed. Distribution 
of genetic variability at such a larger scale has been less studied, in part because it 
involves larger temporal and spatial dimensions. Its study should be considered as a part 
of landscape ecology, since the distribution of diversity depends on the spatial and 
temporal dynamics of populations within the landscape ecology (Manicacci et al. 1992).
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Indeed, distribution of genetic diversity depends on parameters such as frequency and 
intensity of perturbations, migration rate between populations and the reproductive 
system of the species. Any change in landscape processes, due to natural disturbances or 
landscape management, can involve modifications of selection pressures (which can act 
among species, leading to extinctions or invasions of species, as well as within species, 
by the evolution of the species which persist). This could then have predictable influences 
on the evolution of biological diversity.
Landscape fragmentation, which influences genetic variability within populations through 
the size of breeding units in a landscape, will impact reproductive systems. However 
founder effects do not last for ever, and although they may explain patterns of 
differentiation in young populations, it is likely that other processes will be involved in 
older populations (Gouyon et al. 1991).
1.13 - Effects of position in the geographic range on genetic variability: the Central- 
Peripheral Model
Many factors are known to affect genetic diversity and the population genetic structure of 
a plant species (Loveless & Hamrick 1984). One of these factors is the geographic range 
of a species. Widespread species tend to have more genetic variability than close relatives 
with a narrow distribution (Karron 1987; Hamrick & Godt 1990), although geographic 
range appears to have little influence on the inter-population differentiation of these 
species (Hamrick & Godt 1990).
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Understanding the ecological and evolutionary dynamics of species’ borders may prove 
to be the key that unlocks new understanding across a wide range of biological 
phenomena. After all, geographic range limits are a point of entry into understanding the 
ecological niche and threshold responses to environmental change. Elucidating patterns of 
gene flow to, and returning from, peripheral populations can provide important insights 
into the nature of adaptation, speciation and coevolution (Holt & Keitt, 2005).
All species are distributed in space -  but within limits (Lawton et al. 1994; Brown & 
Lomolino 1998).
According to Holt & Keitt (2005), some species borders are highly unstable, others seem 
quite stable; some are geometrically simple, others have a fractal-like complexity. Holt & 
Keitt (2005) stated that the range of a species is clearly influenced in a major way by its 
ecological niche, defined as that set of environment conditions, resources, and so on, 
which permit populations to persist without immigration. According to them, sometimes a 
species’ range as a whole can change, for instance because evolved plastic responses 
spread across a broad geographic range, or because local populations develop adaptations 
to spatially localized selection regimes, or because dispersal syndromes evolve.
Once species are pushed into marginal habitat at the limitations of their physiological 
tolerance, they may enter an “extinction vortex”, a downward cycle of small populations, 
reduced genetic variability, reduced ability to adapt to novel conditions, leading to further 
reductions in population size, and so on (Gilpin & Soule 1986). For example, the Florida 
Yew (Torreya taxifolid) is currently one of the rarest conifer species in North America. 
But in the early Holocene, when conditions in southeastern North America were cooler
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and wetter than today, the species was probably widespread. For reasons that are not 
completely understood, T. taxifolia failed to migrate northward as climate changed during 
the Holocene. Today it is restricted to a few locations in the Apalachicola River Basin in 
southern Georgia and the Florida panhandle.
Moreover, species’ distributions cannot ultimately be understood in isolation; because of 
interactions such as competition and predation, species influence each others’ ranges, 
both positively and negatively, over both ecological and evolutionary time-scales. 
Interaction among species can either confine ranges (e.g., competitive through exclusion) 
or permit range expansion (e.g., via facilitation).
It is widely assumed that habitat suitability declines from the center o f a species range 
towards the edge (Hengeveld & Haeck 1982; Brown 1984; Lawton 1993; Guo et al 
2005). Populations situated near the core of a species’ geographic distribution exhibit 
greater abundance than populations near the periphery. This pattern is predicted by bio­
geographic models (e.g., Lande 1991; Gyllenberg & Hanski 1992; Lawton 1993;
Lawton et al. 1994) and supported by empirical studies (e.g., Hengeveld & Haeck 1982; 
Brown 1984; Taylor 1986; Hengeveld 1990; Maurer & Villard 1994; Lomolino & 
Channell 1995; Cumutt et al. 1996). Similarly, according to conventional wisdom, 
populations situated near the core of the range tend to exhibit less temporal variability in 
abundance (hereafter, variability) than peripheral populations (Caughley et al. 1988; 
Scudder 1989; Lesica & Allendorf 1995; Lawton 1995; Channell & Lomolino 2000).
This has been supported by biogeographic models (Kendall 1992) and empirical 
observations (Lomolino & Channell 1995; Cumutt et al. 1996).
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These patterns of abundance and variability are generally thought to be driven by special 
patterns in habitat quality (Scudder 1989; Lawton 1995; Cumutt et al. 1996). More 
specifically, the patterns may arise because core populations, inhabiting productive 
habitats, are sources, and peripheral populations inhabiting lower quality habitat, are sinks 
(Pulliam 1988). However, not all populations are expected to exhibit these patterns (e.g., 
Brown 1984). For example, habitat quality across some geographic ranges (e.g., coastal 
species) may decline with distance from one edge of the geographic distribution. 
Nevertheless, all currently available evidence suggests that peripheral populations 
commonly exist at lower densities and exhibit higher variability.
Peripheral populations have been portrayed as being of low conservation priority because 
they should be more vulnerable to extinction (e.g., Griffith et al. 1989; Pearl 1992;
Stevens 1992; Wolf et al. 1996). Relying on the same geographic patterns of demography, 
others have argued that peripheral populations are of greater conservation priority 
because of their potentially unique genetic characteristics (e.g., Scudder 1989;
Lesica & Allendorf 1995).
Vucetich & Waite (2003) stated that edge populations, compared with populations near 
the core of a species’ range, tend to be characterized by low density and high temporal 
variation. For example, the rate of genetic drift may be 2 to 30 times greater near the edge 
of the range. Despite these strong spatial patterns in Ne, empirical findings indicate that 
peripheral populations sometimes have less, but also sometimes have more, genetic 
diversity than core populations. They concluded that populations situated near the edge of
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a species’ range may be commonly characterized by lower abundance and higher 
temporal variability in abundance. Based on these biogeographic patterns, basic 
population genetics theory predicts that effective population size will tend to be smaller 
for edge populations than core populations. Their calculations suggest that the rate of 
genetic drift may be 2 to 30 times higher near the edge of a species’ range. Their analysis 
suggests that while some edge populations will warrant special attention because they are 
highly vulnerable to loss of genetic diversity (unless the migration rate is high) (Cumutt 
et al. 1996; Lomolino & Channel 1995), other edge populations will warrant such 
attention because they contain high genetic diversity.
Large-scale population structuring my also occur if  genetic patterns differ between the 
center of a species’ range and the margins of its distribution. There is currently some 
debate as to whether populations near the center should display more or less genetic 
variability than those at the edge of the range. The classical view, often cast as the 
‘Central-Marginal Model’, is that central populations are more genetically variable than 
marginal populations because of fewer ecological niches at the margins (da Cunha & 
Dobzhansky 1954) or a greater importance of heterosis in central populations (Wallace 
1984). In contrast, Brassard (1984) proposed that selection at environmentally variable 
margins may actually promote genetic diversity. In reviewing the literature for Drosophila 
species, Brassard (1984) found declines in inversion polymorphisms, which are 
presumably under selection, from the center to the margins o f the species’ ranges, but no 
change in supposedly neutral allozyme variation. Patterns of genetic variation between 
central and marginal populations may thus depend on the degree to which the markers are
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under selection, rates of gene flow into marginal populations, and the amount of habitat 
variability and rates of population growth in central and marginal areas.
According to Safriel et al. (1994), environmental conditions outside the periphery of a 
species’ distribution prevent population persistence, hence peripheral populations live 
under less favourable conditions, relative to core areas. Peripheral areas are characterized 
by variable and unstable conditions, relative to core areas. Peripheral populations are 
expected to be genetically more variable, since the variable conditions induce fluctuating 
selections, which maintains high genetic diversity. Alternatively, due to marginal 
ecological conditions at the periphery, populations there are small and isolated; the 
within-population diversity is low, but the between-population genetic diversity is high 
due to genetic drift. It is also likely that peripheral populations evolve resistance to 
extreme conditions. Thus, peripheral populations may be resistant to environmental 
extremes and changes compared to core ones. Preliminary research done by Safriel et al. 
(1994) on wild barley and chukar partridge revealed high phenotypic variability and high 
genetic diversity in peripheral populations relative to core populations.
There have been reports of differences in population growth rates and population density 
rates between central and peripheral populations of species. Stokes et al. (2004) 
concluded that population growth rates were greater in Ulex gallii and U. minor 
populations at the periphery of the species’ range, and population density of U. minor was 
also greater at the range edges. Peripheral populations of a widespread plant species are 
small and isolated, and this results in restricted cross-fertilisation and gene flow (Jones & 
Gliddon, 1999).
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Because of the small size and isolation, it is expected that peripheral populations will 
contain less genetic variation than central ones due to genetic drift, founder effects, 
bottlenecks and inbreeding and diminished sexuality (Levin 1970; Lawton 1993; Lesica 
& Allendorf 1995). Empirical studies have shown that edge populations o f Betula spp., 
Gleditsia triacanthos and Lychnis viscaria all have less genetic diversity than otherwise 
comparable central populations (Coyle et al. 1982; Schnabel & Hamrick 1990a; Lammi et 
al. 1999). Similarly, Boles (1996) found diminished sexuality in northern populations of 
the endangered Arisaema dracortium. In contrast, species such as Phlox spp. and Pinus 
edulis have greater genetic diversity in peripheral locations compared to central sites 
(Levin 1977,1978; Betancourt et al. 1991).
One of the consequences of declining population density approaching the range edge is 
that populations become increasingly isolated, both from populations further toward the 
core of the species range and from each other (Brown 1984). As geographical isolation 
increases, a reduction in both seed dispersal and pollen flow will result in decreased gene 
flow between populations (Ellstrand & Hoffman 1990; van Dorp et al. 1996). The 
resulting genetic isolation may lead to pronounced geographical structuring in genetic 
variation within a species as population differentiation increases (Lesica & Allendorf, 
1995). Both genetic drift and inbreeding are likely to be of increased importance in 
isolated populations, with the result that genetic diversity may indeed be reduced toward 
the species periphery (Barrett & Kohn 1991; Ellstrand & Elam 1993; Raijmann et al.
1994; Schaal & Leverich 1996; Lammi et al. 1999).
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Declining seed production (Pigott & Huntley 1981; Eckert & Barrett 1993; Garcia et al. 
2000; Dorken & Eckert 2001) and increased seed abortion (Garcia et al. 2000) have been 
reported approaching the periphery of many species. It is possible that genetic diversity 
within these peripheral populations may be severely reduced as a consequence of a small 
sub-sample of the flowering population being responsible for any establishment from 
seed. Poor seed production and increased geographical isolation may interact, resulting in 
demographic instability in peripheral populations (Schaal & Leverich 1996) with the 
potential to induce genetic bottlenecks at the periphery (Lesica & Allendorf 1995).
There has been considerable theoretical investigation of the evolutionary limits to a 
species’ range (Bradshaw 1991; Hoffman & Blows 1994; Barton 2001). It is commonly 
assumed that isolation and reduced size of peripheral populations will lead to a reduction 
in their genetic diversity (Ellstrand & Elam 1993; Schaal & Leverich 1996) and possibly 
a reduction in the likelihood that they might adapt to conditions beyond the range edge 
(Bradshaw 1991).
However, it has been hypothesized that fluctuating environmental conditions in peripheral 
areas might maintain more genotypes there if  selection favors genetic flexibility, whereas 
relatively more stable conditions in core areas may favor the high average fitness of only 
a few genotypes (Safriel et al. 1994). This would potentially lead to lower diversity of 
populations in core rather than peripheral regions of a species’ range. Furthermore, 
although genetic divergence of peripheral populations is predicted based on increased 
geographical isolation (Schaal & Leverich 1996), it has also been suggested that reduced 
density of peripheral populations may render them likely to be swamped by gene flow
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from populations further toward the core (Barton 2001). This would prevent their 
divergence and adaptation to local (range-edge) conditions, thereby restricting range 
expansion (Barton 2001).
Jump et al. (2003) examined patterns of genetic variability in Cirsium acaule and C. 
heterophyllum. Both species showed a decline in the density of populations approaching 
the range edge, indicating that peripheral populations are more geographically isolated 
from one another than populations in core areas of the range. In addition to the effects of 
genetic drift caused by their contemporary isolation (Ellstrand & Elam 1993; Schaal & 
Leverich 1996), range-edge populations are expected to show decreased genetic diversity 
as a result of historic colonization processes.
Genetic diversity may be lower in range edge populations both as a consequence of 
founder effects at expanding range margins and genetic bottlenecks at the retreating edge 
(Hewitt 2000). However, only C. acaule, showed decreased diversity in its range-edge 
populations; the absence of this pattern in C. heterophyllum was surprising given the 
parallel decline in population density and seed production approaching the range edge of 
both species (Jump & Woodward 2003). The loss of diversity in isolated populations may 
be slowed in plants that reproduce by both seed and clonal reproduction, as a 
consequence of clonal persistence of individuals and the increased opportunity for sexual 
reproduction of long-lived clones (Schaal & Leverich 1996; Young et al. 1996). Given 
the possible longevity of individual clones, very few new genets need to be added 
annually in order to maintain genetic diversity in such populations (Widen et al. 1994; 
McLellan et al. 1997).
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At the largest scale, increasing geographical distance between populations is expected to 
result in decreasing genetic similarity (isolation by distance, Jump et al. 2003).
In small populations at the edge of a species range, genetic drift may lead to reduced 
within-population genetic diversity and increased between-population differentiation, 
while populations admixture can lead to increased genetic diversity (Walter & Epperson 
2001).
Gamer et al. (2004) present the result of an investigation of population genetic diversity 
in a vertebrate species, the Italian agile frog, Rana latastei, across its entire range. Their 
results showed that genetic variability was not correlated with population location with 
respect to the range periphery.
Peripheral populations have often been viewed as unimportant for overall species’ range 
persistence because of their small size, isolated locations and frequent occurrence in 
suboptimal habitat with the consequent increased likelihood of extinction (Hoffman & 
Blows 1994; Lesica & Allendorf 1995). Other authors, in contrast, have argued that 
peripheral populations provide a source of adaptively significant variation upon which 
natural selection may act, and are probably well-adapted to local conditions (Brussard 
1984; Garcia-Ramos & Kirkpatrick 1997). Furthermore, while population density may 
decline at range edges (Brown 1984), thus reducing the likelihood of the persistence of 
individual populations (Caughley 1994), recent analyses challenge the view that 
peripheral populations are demographically impaired and are likely to suffer local 
extinction. For example, peripheral populations experience fewer extirpations than
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centrally located populations because of range contractions that are not predicted from 
historical distributions and immigration rates (Channell & Lomolino 2000).
Populations located at range margins are more isolated from sources of immigrants and 
are thus more prone to genetic bottlenecks (Karron 1987; Hamrick & Godt 1990), a 
situation that should lead to depleted neutral genetic variation in peripheral populations. 
Some data support the hypothesis that peripheral populations exhibit lower genetic 
diversity (Lammi et al. 1999; Jain et al. 1981), while others show no such relationship 
(Wendel & Parks 1985; Tigerstedt 1973). The expansion pattern illustrates the limitation 
of the hypothesis that peripheral populations exhibit lower genetic diversity. If range, 
expansions and contractions occur along regular axes radiating from a core founder 
region, then populations located at the range margins should exhibit similar patterns of 
decreased genetic diversity, barring the effects of mutation and selection. Although the 
margins of expansion routes may carry some signal of genetic depletion, the location of a 
population relative to the expansion source may be a more important factor in 
determining genetic variation than location relative to the core of the overall range.
Population genetic patterns of species at their range margin have important implications 
for species conservation. Krauss et al. (2004) investigate patterns o f the genetic structure 
of 17 populations of the butterfly Polyommatus coridon. They stated that population size 
of P. coridon and the size of the larval food plant population were not correlated with the 
levels of genetic diversity. The genetic diversity of edge populations of P. coridon was 
reduced compared to populations from the centre of its distribution. This might be 
explained by increased habitat fragmentation towards the edge of the distribution range
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and/or a general reduction of genetic variability towards the northern edge of its 
distribution.
Genetic diversity of populations decreases with increasing habitat fragmentation (e.g 
Young et al. 1996; Buza et al. 2000; Pedersen & Loeschcke 2001; Keller & Largiader 
2003; Williams et al. 2003). Decreasing genetic diversity, an indicator of inbreeding, 
increases the extinction risk of populations due to a decline in fitness of individuals 
(Saccheri et al. 1998; Reed & Frankham 2003).
Genetic data for the butterfly Polyommatus coridon along its northern range margin 
showed low genetic diversity (Krauss et al. 2004). This might be due to their marginal 
position at the north of the distribution range. Possible explanations for a loss of genetic 
variability are bottlenecks during range expansion (Schmitt & Seitz 2002) and/or higher 
fragmentation of habitats and therefore smaller populations at the border of the species’ 
distribution. As populations at the range margin are often the smallest, a distinction 
between the two effects is not possible in most cases (Lammi et al. 1999).
1.14 - The study organism Gleditsia triacanthos, Honey Locust
In this study are reported levels of RAPD diversity and patterns of genetic structure 
within and among populations of honey locust, Gleditsia triacanthos L., and a common 
leguminous tree of the eastern and central United States (Figure 1.1). Gleditsia 
triacanthos grows in a variety of habitats throughout its range, such as moist woodlands, 
rocky upland slopes, and abandoned pastures. It belongs to the family Fabaceae. Leaves 
are deciduous, alternate, pinnately or bipinnately compound, 10-20 cm long, often with 3-
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6 pairs of side branches. Flowers are greenish-yellow, fragrant, small and numerous in 
hanging clusters 5-13 cm long. Fruits are flattened and strap-like pods 15-40 cm long and 
2.5-3.5 cm wide, dark brown at maturity, usually twisted or spiraled, with a sticky, sweet, 
and flavorful pulp separating the seeds; seeds are beanlike, about 1 cm long Figure 1.2). 
The common name “honey” is in reference to the sweet pulp of the fruits.
Honey Locust is tolerant of low temperatures in the north (-29 to -34°C). Over its range 
G. triacanthos grows naturally to a maximum elevation of 610-760 m (Blair 1990).
Honey Locust is a fairly strictly canalized, dioecious tree (Macdonald, 2003). Males of 
honey locust tend to have more flowers per inflorescence than females (Tucker, 1991). 
According to Schnabel et al. (1991) male trees tend to flower every year, while in females 
flower and fruit production is more sporadic. Murphy’s personal observation from 2002 
and 2003 flowering seasons for trees located from Louisiana to southern Ontario showed 
that flowering is initiated in late April in the southern part of the range and mid-June in 
the northern part, although flowering has occurred earlier due to yearly climatic variation.
Honey Locust is pollinated by a variety of insects, including bees, moths and butterflies 
(Schnabel 1988). The species reproduces both sexually and vegetatively (Madonald,
2003).
Seed dispersal is highly localized; most fruits fall directly beneath the maternal tree. 
According to Schnabel et al. (1991) the rapid spread of the species into open field is 
explained by longer-distance dispersers including deer, cattle, horses and small mammals.
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Another characteristic feature of the Honey Locust is the thorns on its branches (Figure 
1.2). These thorns can be dangerous when the tree is young. Little is known about thorn 
production in Honey Locust. Macdonald (2003) showed that there is significant variation 
between individuals in stem thorn pattern. Generally, each thorn produces 2 or 3 smaller, 
sub-opposite lateral thorns, which may be spirally arranged (Blaser 1956).
Six species of Gleditsia, including G. triacanthos, produce thornless phenotypes 
(Michener 1986). Thomlessness is possibly controlled by the condition of the female 
parent, and whether she is thorn-bearing or not (Gruisiuk 1959 cited in Ghent 1995). With 
increasing age thorn development tends to be reduced. In 1947 Chase observed that 
nearly all trees greater than 10 years old showed a distinct thornless region in the upper 
and outer shoot growth.
The species is able to reproduce vegetatively as well as sexually (Macdonald 2003). 
Female trees produce large, indehiscent legumes. Flower and fruit production has been 
reported to fluctuate greatly from year to year for individual trees (Schnabel & Hamrick, 
1995). Long-distance events of dispersion, probably by cattle (Blair, 1990), are rare and 
the fruits fall and remain within several meters of the parental tree (Schnabel & Hamrick, 
1995). Therefore, large number of seedlings and juveniles can be found in relatively small 
areas, where the latter can survive for decades in juvenile banks (Schnabel & Hamrick,
1995).
Specific goals of this study were to (1) determine the levels of genetic variation within 
and between North American populations of Gleditsia triacanthos, (2) identify genetic 
markers unique to the species using RAPDs, (3) assess the genetic variation between
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males and females within and among populations, (4) explore a potential genetic basis for 
the presence or absence of thorns within and among populations, (5) test the hypothesis 
for central-peripheral hypothesis.
Based on the above objectives, I have set up some hypothesis to test from this study:
1. Plants are sessile organisms, so they are expected to show high genetic 
differentiation among their populations (Hamrick & Godt 1990). High level of 
genetic differentiation among populations will result from low rates of gene flow 
among populations.
2. Woody plants are expected to maintain more variation within their populations 
and less variation among their populations than species that belong to other plant 
life forms (Hamrick & Godt 1990).
3. Populations that are more distant from each other (have greater geographic 
distances between them) will show greater genetic differentiation among them.
4. According to the central-peripheral model, populations at the center of the 
geographic range are expected to show: (a) greatest genetic diversity, and (b) 
higher rates of gene flow between them.
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Table 1.1 - Mean levels of allozyme genetic diversity within populations of plant 
species representing different life forms. After Hamrick et al. (1992). N= number of 
species; Pp= % of polymorphic loci; Ap= number of alleles per locus; Hep= genetic diversity 
within populations. Values sharing letters do not differ at P < 0.05.
Life form N Pf Ap Hep
Annuals 226 29.4 b 1.45 b 0.101 b
Herbaceous perennials 228 27.5 b 1.38 b 0.096 b
Woody perennials 213 47.9 a 1.74 a 0.144 a
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Table 1.2 - Distribution of allozyme variation among populations of plant species. 
After Hamrick et al. (1992). N= total number of entries; Hx= total genetic diversity; Hs= 
mean genetic diversity within populations; Gsi“ proportion of total genetic diversity among 
populations. Values sharing letters are not significantly different at P < 0.05. Different 
subscripts indicate the statistically significant differences within a column, between types of 
plants.
Life form N Ht Hs Gst
Annuals 186 0.322 a 0.196 b 0.355 a
Herbaceous perennials 189 0.302 a b 0.220 b 0.256 b
Woody perennials 209 0.283 b 0.252 a 0.089 c
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Table 1.3 - Direct estimates of pollen-mediated gene immigration into isolated tree 
populations, based on multi-locus paternity analyses. After Hamrick & Nason (2000).
Species Imm igrant pollen
% Distance (m) Reference
A. Wind-pollinated
Pinus flexilis 6 >5000 Schuster & Mitton (2000)
Pinus sylvestris 26 >200 Harju & Muona (1989)
Pinus taeda 23-48 >200 Friedman & Adams (1985)
Pseudotsuga menziesii 29-52 > 100 Smith & Adams (1983)
Quercus macrocarpa 70 >200 Dow & Ashley (1996)
Quercus robur 65 >300 Streiff et al. (1999)
B. Insect-pollinated
Gleditsia triacanthos 40-70 >200 Schnabel & Hamrick (1995)
Cordia alliodora 3 >280 Boshier et al. (1995)
Enterolobium cyclocarpum 75 >500 Hamrick (unpublished)
Ficus spp. >90 > 1000 Nason & Hamrick (1997)
Swietenia humilis 38-68 >1600 White et al. (2002)
Tachigali versicolor 25 >500 Loveless et al. (1998)
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Figure 1.1 -  Geographical range of Honey Locust (Campus Public Art Program, University of 
Washington, Seattle, Published Online: July 1997)
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Figure 1.2 -  Honey Locust leaves, branches, thorns, fruits, and seeds (from Familiar 
trees of South Carolina, Clemson extension Bui. 117).
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Chapter 2 Materials and Methods
2.1 - Study site locations
Thirteen sites in eastern North America were selected to represent the northern, southern, 
western and central parts of the native range of Honey Locust (Figure 2.1). Each tree was 
sexed, based on flower observation in the spring of each year (2002-2003) by H. Murphy 
and N. Macdonald. Table 2.1 identifies the study populations and their locations. There is 
additional information about the thorn presence for three populations in the southern 
regions SI, S2 and S3 (Appendices 1; 2; 3)
2.2 - Use of Random Amplified Polymorphic DNA (RAPD)
RAPD (random amplified polymorphic DNA) markers have been used for population 
genetic analyses (Rafalski & Tingey 1993; Haymer 1994; Lynch & Milligan 1994;
Powell et al. 1996b). The RAPD procedure (Williams et al. 1990; Weising et al. 1995; 
Michelia & Bova 1997) is a useful tool for assessing taxonomic identities, systematic 
relationships, species’ hybridization, and population genetic structures (Le Corre et al. 
1997; Aagaard et al. 1998; Kumar & Rogstad 1998), as well as reconstructing 
phylogeographic patterns (Gabrielsen et al. 1997; Tollefsrud et al. 1998) due to its 
sensitive nature (Bachmann 1994; Caetano-Anoles & Gresshoff 1994).
RAPD markers (Williams et al. 1990) have been increasingly employed for population 
studies in recent years. They are technically simpler than other DNA-based markers (e.g., 
RFLPs), facilitate studies of large numbers of loci, and are expected to provide a far more
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random sample of genomic DNA than do allozymes. Although there have been only a 
few studies comparing RAPDs and allozymes directly as markers, most qualitative 
comparisons have suggested that RAPDs and allozymes reveal similar patterns of genetic 
diversity, but that RAPDs tend to provide more diagnostic population- race- or species- 
specific markers (e.g., Liu & Fumier 1993; Peakall et al. 1995).
However, RAPDs also have significant limitations compared to allozymes. Most 
important is that the large majority of RAPD loci provide biallelic, dominant markers. 
These factors limit inferences from RAPDs, especially when studied in diploid tissues, 
and may bias some population genetic parameters when compared with co dominant, 
multi-allelic markers such as allozymes (Lynch & Milligan 1994). For example, recent 
empirical studies of conifers (Szmidt et al. 1996) have suggested that inferring RAPD 
allele frequencies from diploid tissues may result in overestimates of population 
differentiation when compared with allozyme markers.
An advantage of using RAPDs in genetic analysis is cost-efficiency (Ragot & Hoisington 
1993). The procedure requires little DNA (Welsh et al. 1991) and allows the use of 
simple procedures for the isolation of genomic DNA (Williams et al. 1990). This 
technique employs 10 base pair random primers to locate random segments of genomic 
DNA to reveal polymorphisms. Primers adhere to a specific nucleotide segment of the 
genomic DNA cutting the DNA into many segments of a specific length which can be 
measured using gel electrophoresis.
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The RAPD technique has further advantages over other methods of genetic 
documentation because it has a universal set o f primers, so no preliminary work such as 
probe isolation, filter preparation, or nucleotide sequencing is necessary (Williams et al. 
1990). In many instances, only a small number of primers are necessary to identify 
polymorphism within species (Williams et al. 1990). Indeed, as Mulcahy et al. (1995) 
report, a single primer may often be sufficient to distinguish all of the sampled varieties.
Within the last decade, technological advancements have increasingly supported the use 
of genetics in determining population diversity (Wolf 1994). This research uses random 
amplified polymorphic DNA (RAPD) markers to examine the population dynamics of G. 
triacanthos. Williams et al. (1990) stated that the ease of the RAPD technique could lead 
to the automation o f genetic mapping and to extension of genetic analysis to cover 
organisms which lack an ample number of phenotypic markers to completely describe 
their genome.
The random amplification of polymorphic DNA has been used in a wide range of plant 
and animal species for genetic mapping and gene tagging (Martin et al. 1991; Rafalski et 
al. 1991), for parentage determination (Welsh et al. 1991), and for species identification 
(Arnold et al. 1991; Chapco et al. 1992).
The RAPD technique was first employed by Williams et al. (1990) to examine human 
DNA samples. The information returned for an individual RAPD analysis was quite low 
but studies using multiple markers to define a genome yielded the best results. Mulcahy et
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al. (1993) used the RAPD technique in an examination of apple cultivars where they were 
able to distinguish eight distinct cultivars.
In 1995, Vicario et al. used the RAPD technique in an analysis of genetic relationships 
among populations of Abies nebrodensis and Abies alba along a north-south geographic 
gradient. This study also employed allozyme analysis but they reported that genetic 
differences in the populations were easily detectable using the RAPD analysis with 
single-primer DNA amplifications. In their RAPD results, Vicario et al. (1995) observed 
high levels of genetic difference between populations confirming their hypothesis that the 
two taxa were genetically distinct.
Tsuda et al. (2004) used random amplified polymorphic DNA markers to evaluate the 
genetic variation of four natural populations of Betula maximowicziana (a pioneer tree 
species in cool temperate forests) to obtain fundamental information on this natural 
resource. Using 23 primers they obtained 61 reproductable amplified bands, of which 
22 were monomorphic and 39 were polymorphic. According to their results they 
demonstrated that genetic differentiation among the four populations is moderate. 
AMOVA analysis showed that variation among regions was relatively high (accounting 
for 10.4% of total genetic variation).
Most recently, in 2005, Renau-Morata et al. used RAPD markers to assess levels and 
patterns of genetic diversity of Cedrus atlantica (Pinaceae). This tree is a large and 
exceptionally long-lived conifer native to the Rif and Atlas Mountains of North America. 
They decided to use RAPD analysis because of the rapidity with which RAPD markers
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
can be generated. This is an advantage because they can deliver crucial information 
within the time constraints frequently demanded by urgent conservation decisions 
(Mueller & Wolfenbarger 1999). Genotypic analyses of molecular variance (AMOVA) 
revealed that most of the variation was found within populations, but significant 
differentiation was also found between populations.
2.3 - Sample Collection and DNA Extraction
To assess the level of genetic variability within and among natural populations, samples 
of leaves were taken at 13 sites across the North American range of Gleditsia triacanthos. 
From these sites, three are located in the center, four in the north, three in the south and 
three in the western part of the range (Figure 2.1). During their field study in 2003, H. 
Murphy and N. Macdonald collected the leaf samples from honey locust trees. The 
individuals within a population were chosen randomly. The number of samples varied 
from 20 individuals (site C2) to 78 individuals (site W3) with a total of 549 individuals of 
honey locust. Leaves were kept in plastic bags, with the site where the sample came from 
and the identity of the tree from which they came. The leaves were stored in a cooler to 
remain fresh during transportation to the laboratory. In the laboratory, the leaves were 
kept in the freezer at -80°C until processed for genetic analysis.
Individual genomic DNA (Figure 2.2) was extracted from leaves following the protocol 
for isolation of DNA from Plant tissue with the “DNeasy Plant Mini Kit” from QIAGEN 
(Appendix 4). Leaves were ground with mortar and pestle, using liquid nitrogen. From 
each of 549 individuals of honey locust, 100 mg of ground plant (wet weight) was 
obtained in a microcentrifuge tube. Then to the ground-up plant tissue were added 400 pi
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of Buffer API and 4 pi of RNase. The tube was vortexed vigorously, in order that no 
tissue clumps were left, because clumped tissue will not lyse properly, resulting in a 
lower yield of DNA. After this, the mixture was incubated for 10 min at 65 °C, mixing it 
2-3 times during incubation by inverting tube. This step lyses the cells. Then 130 pi of 
Buffer AP2 was added to the lysate, and they are mixed together and incubated for 5 min 
on ice. This helps to precipitates detergent, proteins, and polysaccharides that were 
present in the plant tissue.
The lysate was applied to a QIAshredder Mini Spin Column, placed in a 2 ml collection 
tube and centrifuged for 2 min at 20,000 x g. The role of QIAshredder Mini Column was 
to remove most precipitates and cell debris, but still a small amount typically passed 
through and forms a pellet in the collection tube, which doesn’t need to be disturbed. The 
flow-through fraction was transferred to a new tube without the cell-debris pellet. 1.5 
volumes of Buffer AP3/E were added to the cleared lysate and were mixed by pipetting. 
Buffer AP3/E contains ethanol, so it may form a precipitate in the lysate, but this will not 
affect the DNeasy procedure. It is important to pipet Buffer AP3/E directly onto the 
cleared lysate and to mix immediately. Then 650 pi of the obtained mixture was applied 
to the DNeasy Mini Spin Column sitting in a 2 ml collection tube, it was centrifuged for 1 
min at 6000 x g and the flow-through was discarded.
The same process was repeated with the remaining sample, and the flow-through and 
collection tube were both discarded. The DNeasy Mini Spin Column was placed in a new 
collection tube, and 500 pi of Buffer AW was added to the column and centrifuged for 1 
min at 6000 x g. the flow-through was discarded and the collection tube was reused again.
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After that, again 500 pi of Buffer AW was added to the DNeasy Mini Spin Column and 
centrifuged for 2 min at 20,000 x g. This step was to dry the membrane, because there 
could be some residual ethanol that might interfere with subsequent reactions. This spin 
ensures that no residual ethanol will be carried over during elution. The flow-through and 
collection tube were discarded. After washing with Buffer AW, the DNeasy Mini Spin 
Column membrane is slightly colored.
The Dneasy Mini Spin Column was transferred to a 1.5 ml microcentrifuge tube. 100 pi 
of Buffer AE was pipetted directly onto the DNeasy membrane, incubated for 5 min at 
room temperature and centrifuged fro 1 min at 6000 x g to elute. This last step was 
repeated again, so in the end 200 pi sample was obtained in a new microcentrifuge tube. 
The 200 pi sample of the solution (buffer + DNA) was stored at -20°C until processed 
according to the RAPD (Random Amplified Polymorphic DNA-PCR) procedure. In each 
of the 549 microcentrifuge tubes were recorded the site and the tree number were that 
DNA sample was obtained from. Gels with 549 samples were run to see if there was 
obtained DNA, and to check DNA quality and quantity.
2.4 - RAPD Analysis
Populations were studied using the randomly amplified polymorphic DNA-polymerase 
chain reaction (RAPD). This technique has been widely used in plants for the 
construction of genetic maps, and for genotype identification and taxonomic studies. 
RAPD analysis uses a set of PCR primers of 10 nucleotides in length whose sequence is 
essentially random. A set o f 100 primers was ordered from the University of British 
Columbia. Candidate primers were tried out individually in PCR reactions to amplify
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fragments of genomic DNA from the organism under study. Eight samples (2 from each 
region) were chosen randomly from the 549 individuals to decide which of the 100 
primers to use in the project. In a period of two weeks all the primers were tried, and were 
selected 15 primers based on the quantity of bands generated, and band quality (Table 
2.2). The primers anneal to genomic DNA at multiple sites because they are so short. 
Among the set of amplified fragments are same bands that are polymorphic and others 
that are monomorphic. Monomorphic bands are the same from one individual to the next; 
the amplified bands that are not present in every individual are polymorphic bands 
(Figure 2.3). Each position at which a band is observed in one or more samples is 
considered as a genetic locus phenotype, whether or not the band is polymorphic.
RAPD amplifications (Appendix 5), employing the polymerase chain reaction (PCR) 
were carried out in a 25 pi volume containing 2.5 pi of genomic DNA, 0.2 pi of dNTP’s,
2.5 pi ofNH 4  buffer, 1.25 pi of MgCb, 0.2 pi of Taq polymerase and 1 pi of primer. To 
simplify the procedure the first thing to be prepared was core buffer in a 1.5 ml microtube 
(enough for 100 reactions) which contains: 20 pi of dNTP’s 100 mM; 250 pi of NH4  rxn 
buffer, lOx; 125 pi o f MgCb, 50 mM; and 355 pi of ddH2 0 , with a total volume of 750 
pi. This mixture can be held in the freezer at -20 °C. In another 1.5 ml microtube was 
prepared the cocktail (enough for 1 0  reactions, but the amount can be adjusted as needed). 
It is very important to make sure that the cocktail is prepared just before use, in order not 
to allow the Taq polymerase to react with the primer. This mixture contains: 2 pi of Taq 
polymerase, 5u/pl; 10 pi of primer, 10 pM; and 138 pi of ddFfeO, with a total volume of 
150 pi. Before preparing the reaction mixture both core buffer and cocktail separately 
should be mixed by inversion and spin to collect solution. Then, in a PCR tube I prepared
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the reaction mixture by mixing: 7.5 |_il of core buffer; 15.0 pi of cocktail, and 2.5 pi of 
DNA sample with a total volume of 25.0 pi. Ultratherm Taq polymerase was supplied by 
Genomics One, Intemacional Inc.
2.5 - DNA amplification
The purpose of a PCR (Polymerase Chain Reaction) is to make a huge number of copies 
of a gene. There are three major steps in a PCR: denaturation at 94 °C, annealing at 35 °C 
and extension at 72 °C. During the denaturation, the double strand melts open to a single 
stranded DNA, and all enzymatic reactions stop. During annealing the polymerase can 
attach and starts copying the template. Once there are a few bases built in, the ionic bond 
is so strong between the template and the primer, that it does not break anymore. The 
temperature o f 72 °C during extension is the ideal temperature for the polymerase. The 
primers, where there are a few bases built in, already have a stronger ionic attraction to 
the template than the forces breaking these attractions. Primers that are on positions with 
no exact match get loose again (because of higher temperature) and don’t give an 
extension of the fragment. This is done on an automated cycler, which can heat and cool 
the tubes with the reaction mixture in a very short time. In this study the PCR reaction 
was carried out in a robocycler set with the following program: an initial denaturation 
step of 94 °C for 2 min followed by 40 cycles of denaturation (94 °C, 30 sec), annealing 
(35 °C, 1 min) and extension (72 °C, 2 min) with a terminal extension of 72 °C for 5 min. 
Different annealing temperatures were tried in a few samples, ranging from 35-58 °C. In 
the end, the annealing temperature was decided to be 35 °C, because at this temperature I 
got clear bands with no smears.
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2.6 - Electrophoresis
Both edges of a gel mold were sealed with a 1 ” masking tape and were placed in a level 
platform, and then were attached the combs. A 1.4% agarose gel was prepared by 
weighting 3.5 g agarose. It was transferred in a 500 ml flask and 250 ml of 0.5x TBE 
buffer was added. The solution was boiled in a microwave for 6 min, and then the 
solution was cooled to 60 °C. The agarose was poured into the gel mold and was allowed 
to solidify. The electrode tank was filled with 0.5x TBE buffer. The masking tape was 
removed from both ends of the gel mold., the gel mold was mounted on the electrode tank 
making sure no bubbles were formed beneath the mold, and the comb was removed 
gently. The gel has 20 wells to accomodate the samples. In the first and last wells were 
loaded 2 pi of DNA ladder mixed with 2 pi of loading dye and 8 pi of TE buffer. The 
ladder used was 100 bp DNA ladder. This is ideal for determining the size of DNA 
strands from 100-1,500 base pairs. The ladder was supplied by Promega Corporation 
(Madison, WI, USA), and consists of 11 double-stranded DNA fragments with sizes of 
100,200, 300,400, 500, 600, 700, 800, 900,1000 and 1500 bp. The 500 bp band is 
present at triple the intensity of the other fragments and serves as a reference indicator.
All other fragments appear with equal intensity on the gel. The ladder is supplied in 
lOmMTris-HCl (pH 7.5), ImM EDTA. It is stored at -20 °C. Blue/orange 6X loading dye 
is used for loading DNA samples into gel electrophoresis wells and tracking migration 
during electrophoresis. Eighteen samples were loaded in a gel. The samples were mixed 
in a piece of parafilm with the loading dye before being loaded to the gel with 2 pi 
loading dye in proportion for 10 pi sample. Then the tank was closed, and the electrode 
wires were attached to the power supply. It was run for three hours at 160V.
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2.7 - Staining and documentation
After electrophoresis, the power supply was switched off and the tank cover was 
removed. The gel was removed from the molder and was transferred in a tray with 
Ethidium bromide staining solution in a 1000 ml H2 O. The gel was stained for 20 min. 
Ethidium bromide solution was reused for any other gel but staining time was for an hour. 
After staining the gel was rinsed with dFfeO. Then the gel was photographed under UV 
light (Figure 2.4).
Bands were identified and characterized using GeneTools software and then further 
edited visually to eliminate both false bands and those bands below a level of optical 
density that could be reliably scored. Sample band molecular weights were calculated by 
the software itself using the standard lane nearest to the “unknown” sample. GeneTools 
features include: 'One Click' technology for a full, rapid and accurate analysis in 
seconds; auto track, band, peak, lane and edge finding even on smiling gels and grimaced 
bands; auto and manual background subtraction with a range of methods; numerous 
applications, including a module for spot and slot blot; multi-tier analysis for high 
throughput screening; molecular weight libraries; track profile comparison; pattern 
matching analysis and dendogram display; choice of calibration types; user defined 
quantification units; direct exporting of results to Excel and Word.
RAPD phenotypes for each primer were scored as present (+) or absent (-) for each 
individual. We only compared presence-absence data, and did not analyze them assuming
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Hardy-Weinberg equilibrium since it was not known whether the populations used in this 
study were in Hardy-Weinberg equilibrium. The data from RAPDs do not depend on 
strict dominant and recessive allelic frequency. In this study, the number of individuals 
where a certain band is absent presents the number of homozygous recessive individuals 
(q2). We can not consider the number of individuals where a band is present as p2, 
because we don’t know if these individuals are homozygous dominant (p2) or 
heterozygous (2pq). Thus, we calculated the allele frequency for the absence of a band (q) 
as the square root of q2. Than we found out the allele frequency for the presence of a 
band (p) from the equation p + q = l , s o p = l - q .
Phylip software (web pages by Joe Felsenstein, Department of Genome Science and 
Department of Biology, University of Washington, DC) was used to build a phylogenetic 
tree of similarities between 549 individuals of honey locust. Three programs were used to 
compute this: RESTDIST, NEIGHBOR, and DRAWTREE and DRAWGRAM. 
RESTDIST computes a distance matrix from restriction sites or fragments. NEIGHBOR 
constructs a tree by successive clustering of lineages, setting branch lengths as the 
lineages join. DRAWTREE and DRAWGRAM are intearctive tree-plotting programs that 
take a tree description in a file and read off it. With my data, I first created a matrix from 
each sample to each sample based on how many + or -  bands (presences or absences) 
were shared. The number of shared + and -  were then divided by the total possible (400). 
Appendix 6 is a summary table showing mean and standard error of similarity values 
between regions and sites (note first column is from region, second column is to region, 
third column is from site, fourth column is to site).
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Appendix 7 shows an image of the run parameters for the restdist.exe program in Phylip. 
To be able to look at the tree generated and easily distinguish regions and sites, sample 
names were recorded (e.g., C_CD_1) such that the first letter represents region (North, 
Central, South, West), the middle values represent sites and the last numbers just 
represents individual samples. The file that came out from this is a list o f original code to 
a new coding. After this, the tree was generated (with a size of four sheets of paper tall 
and three sheets of paper wide), and when assembling it together there is a 1 cm overlap 
(Appendix 8).
2.8 - Statistics used to measure genetic differentiation within and among populations
Several measures of genetic distance have been proposed by different authors (Cavalli- 
Sforza & Edwards 1967; Nei 1972; Kimura 1980; Reynolds et al. 1983; Nei & Kumar 
2000). Most of these measures are actually dissimilarity measures and not mathematically 
true distance measures (B-Rao & Majumdar 1999). In general the various methods of 
measuring genetic diversity will give the same rank order of diversity, but they may give 
very different numerical values (Edwards 2003). In particular, Edwards (2003) stated that 
Wright’s fixation index, Nei’s genetic distance and similar measures can seriously 
understate the relative importance of genetic differences between populations as 
compared to differences within them.
According to Edwards (2003) once the material has been classified into a number of 
variant forms or ‘alleles’ (at whatever level), it would be natural to suggest that the level 
of diversity within a population can be measured by the number of different alleles within 
that population, while the diversity between two populations can be measured by the
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number (and/or proportion) of alleles found in one population and not the other. I selected 
the statistics used in this study to confirm with those used in similar papers based on the 
systematic research I have done on papers listed in Appendix 9. In that table are shown 
the titles of the papers, year published, author, and the statistics used to assess genetic 
diversity.
W ithin-population genetic diversity in most of the cases is measured by allelic 
diversity: the average number of alleles per locus assayed; percent polymorphism (P): 
percent of assayed loci for which two or more allelic variants exist; heterozygosity: the 
proportion of individuals in a population that are heterozygous.
Genetic differentiation among populations is manifested in differences in allele 
frequencies and in the way that these alleles are assembled into genotypes (genotypic 
frequencies). W right’s fixation index ( F s t )  is “the reduction in heterozygosity expected 
with random mating at any one level of a population hierarchy relative to another, more 
inclusive level of the hierarchy” (Hartl & Clark 1997).
Fst = (Hj -H s) / Ht, where Hr is the total expected heterozygosity and Hs is the average 
(expected) heterozygosity among populations.
Fst ranges from zero (no genetic differentiation among subpopulations) to a maximum of 
one; in other words, the higher the value, the greater the degree o f genetic differentiation.
Distance metrics: Distance metrics summarize the amount of genetic divergence between 
pairs of individuals, populations, or species. An example of a common genetic distance
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based on allele frequencies in two populations that are being compared is that of Nei 
(1972). Nei considered a single locus with k alleles in two populations X and Y. The 
probability
Jxx that two alleles chosen at random from population X are identical is:
Jxx = ZPi2> where p* is the frequency of the i-th allele in population X. Similarly, for 
population Y:
Jyy = where qi is the frequency of the i-th allele in population Y. Jxy is defined as 
the probability that two alleles are identical when one is drawn from population X and the 
other from population Y such that:
J x y  =  Z P iQ i-
Finally, the normalized genetic identity is defined as:
I = Jxy / V( Jxx Jyy)-
Nei’s genetic distance D is calculated as the negative natural logarithm of Nei’s I.
Genetic distances may be used to summarize differentiation across all population pairs 
within a single study or as “common yardsticks” to compare across studies and taxa 
(Avise 1994).
Estimating indirect gene flow: A number of techniques exist for estimating gene flow 
between populations. If we know Fst, we can estimate gene flow using the following:
Fst = 1 / (l+4Nm), where N is the population size and m the proportional rate of 
migration. Solving for Nm we have:
Nm ~(1-Fst) / 4Fst.
Nm is measure o f gene flow. When there is no migration, Fst equals 1. As migration 
increases, Fst drops rapidly, asymptotically approaching zero. Generally it is suggested
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that Nm values of «  1 will result in strong population differentiation, whereas 
“populations” with Nm values > 4 will function as a single randomly breeding 
(panmictic) unit (Kimura & Maruyama 1971).
Shannon’s diversity index (Shannon & Weaver 1949): it is the index of phenotypic 
diversity. For each locus this value (Ho) is calculated as:
H o- -Xp^lnpi2, where pi is the frequency of the presence or absence in the band. 
Proportion of diversity within populations is the ratio H pop/H sp , proportion of diversity 
between populations is the ratio (Hsp-HPop)/Hsp, where Hpop is the average over the 
different populations; Hsp is the diversity calculated from the phenotypic frequencies p in 
all the populations considered together.
Analysis of Molecular Variance (AMOVA) is a method of estimating population 
differentiation directly from molecular data and testing hypothesis such differentiation. A 
variety o f molecular data -  molecular marker data (for example, RFLP or AFLP), direct 
sequence data, or phylogenetic trees based on such molecular data -  may be analyzed 
using this method (Excoffier et al. 1992). AMOVA treats any kind of raw molecular data 
as a Boolean vector pi, that is, an lx  N matrix o f Is and Os, 1 indicating the presence of a 
marker and 0 its absence (Excoffier et al. 1992). Euclidean distances between pairs of 
vectors are then calculated. To compute AMOVA, we need to make certain assumptions 
about the nature of the population (Excoffier et al. 1992), for example, that mating is 
entirely random and non-assortative, that no inbreeding occurs. If non-random mating and 
inbreeding is occurring, it will result in lower heterozygosity, and if the rates of non-
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random mating or inbreeding differ between populations, fixation estimates will be 
confounded (Bishop 1996).
Bishop (1996) stated that the effects of selection are not fully accounted for by this 
model, so selection can have very different effects on different alleles and allele 
combinations. All variance among different allele frequencies due to genetic drift can be 
assumed to be the product of a degree of sampling error that is common to all alleles. 
However, according to Bishop (1996), selection acting on different alleles is non-random, 
hence any given between-population difference in the frequency of a given allele is 
potentially non-representative of allele frequency variation as a whole.
Because of the non-random nature of the effects of selection on allele frequencies, 
increasing the percentage of the genome that is sampled will not necessarily yield an 
unbiased estimate of allele differentiation across the whole genome, at least, not as 
readily as would be the case when compensating for the effects of differential genetic 
drift, stated Bishop. Using neutral, non-selected genetic markers can be a useful means of 
avoiding the confounding effects of selection, if neutral markers can be identified.
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Table 2.1 - Population locations, their latitude and longitude at approximate middle o f site, total population size, approximate distance from centre of
geographic range and the land cover type in which the sampled trees occur at the site.
Site Site Location, State Latitude/Longitude at 
approx. middle o f site
Approx. size of 
population
Approx. distance from 
centre of geographic 
range (km)
Land cover type
Cl Cedar Lake, IL 3 7 0 3 7 ,48”/89°17,24” 180 124 Upland deciduous forest
C2 Giant City State Park, IL 37°34’ 12”/89°11 ’24” 54 113 Mix o f upland and bottomland deciduous 
forest and pasture/grassland (minor)
C3 Land Between the Lakes, TN 36°24’36”/87055’48” 89 137 Pasture/grassland
N1 Deer Creek Marina, OH 39o37’H ”/83°15’08” 160 647 Deciduous forest and pasture/grassland 
(minor)
N2 Delaware State Park, OH 40°22’ 12’783°03’08” 37 706 Mix o f deciduous forest and young, sparse, 
woody vegetation
N3 Pelee Island, ON 41 °47 ’ 19”/82°41 ’ 10” 15 830 Deciduous forest
N4 Point Pelee, ON 41o55’2r782o30’45” 2 0 0 853 Mix o f deciduous forest and 
pasture/abandoned fields
SI Natchez State Park, MS 31°35’58”/91°12,27” 42 567 Mix o f bottomland deciduous forest and 
pasture/grassland
S2 Pomme de Terre, LA 31°0r27791°50’32” 175 632 Bottomland deciduous forest
S3 Tensas River, LA 32° 18 ’ 12”/9 1 °22’44” 500 501 Bottomland deciduous forest
W1 Milford Lake, KS 37°34’ 12”/89°11 ’24” 65 670 Bottomland deciduous forest
W2 Perry Lake, KS 39°08 ’04”/95°25 ’59” 2 1 0 598 Upland deciduous forest and prairie (minor)
W3 Tuttle Creek, KS 39°18’37796°39’19” 155 700 Mix o f upland and bottomland deciduous 
forest
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Table 2.2 - Prim ers used generating RAPDs. Pc- prim er code; P. seq.- nucleotide 
sequence of the primers; Nb -  num ber of band each prim er generated in all 
individuals; Min. -  the minimum length of the band generated from each prim er in 
bp; Max. -  the maximum length of the band generated from each prim er in bp.
No. Pc P. seq. Nb M in Max
1. 210 GCA CCG AGA G 41 100 1330
2. 220 GTC GAT GTC G 39 160 1480
3. 222 AAG CCT CCC C 31 100 1390
4. 235 CTG AGG CAA A 23 310 1960
5. 245 CGC GTG CCA G 48 220 1990
6. 251 CTT GAC GGG G 24 280 1480
7. 261 CTG GCG TGA C 16 370 1480
8. 266 CCA CTC ACC G 25 280 1270
9. 275 CCG GGC AAG C 32 370 1330
10. 277 AGG AAG GTG C 14 430 940
11. 282 GGG AAA GCA G 14 340 970
12. 284 CAG GCG CAC A 27 100 1060
13. 285 GGG CGC CTA G 17 400 970
14. 287 CGA ACG GCG G 16 310 850
15. 288 GCT GGG CCG A 32 250 1690
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Figure 2.1 -  Thirteen locations of Gleditsia triacanthos selected for this study, 
distributed in four regions of the native range (in grey shading): Central region with 
three sites (C l, C2, C3), Northern region with four sites (N l, N2, N3, N4), Southern 
region with three sites (SI, S2, S3), and Western region with three sites (W l, W2, 
W3); the white dot represents the approximate centre of the range (adapted from 
Murphy 2005)
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Figure 2.2 -  Agarose gel with presence of DNA from extracted samples
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RAPD prim er sets
Set 1 Set 2 Set 3
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Figure 2.4 -  Gel electrophoresis generating RAPDs; the first and the last line is the 
100 bp size standard; lines 1-16 are the samples after the PCR process
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Chapter 3 Results
3.1 - Fingerprinting of Honey Locust individuals: general patterns
A total of 400 individual fingerprint patterns from 549 trees across thirteen populations 
were examined (see Appendix 10). The smallest band consisted of 100 bp, and it was 
detected by three primers: 284, 210 and 222. The largest band was 1990 bp, and was 
detected by primer 245. A total of 78 (out of 400) bands were present in all 549 of the 
individual trees sampled. In consideration of populations within each region, there were 
223 out of 400 bands (55.75%) present in central populations, 231 (57.75%) in northern 
populations, 232 (58%) in southern populations, and 343 bands present in western 
populations (85.75%) (see Appendix 11).
As the above results suggest, in plants from the central region of the range, many of the 
bands have lower occurrence. If we consider all geographic regions together, 398 of the 
400 bands are present at least once in all regions (see Appendix 11). The two missing 
bands are: p288_1480, which is completely absent in the central region but was present in 
very low frequency in the southern region (four individuals out of 102 in the south); the 
other band is p284_100, which was completely absent in the southern region and is 
almost absent in the western region (present in 1 out of 182 individuals).
No specific bands were present in all female trees and absent in males, or vice-versa (see 
Appendix 12). Regarding the two phenotypic categories of thomed and thornless 
individuals, 298 of the 400 bands were present in both categories. One band, p284_100
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was completely absent in both categories. 101 out of 400 bands were present in one and 
not in the other category of thorn presentation. From these 101 bands, 98 are absent in the 
thornless individuals, and 3 bands are absent in the thorny individuals (see Appendix 13).
The frequency p was derived as the number of bands present (+) divided by the total 
number of individuals in each phenotypic category. The frequency q was taken as the 
number of absent bands (-) divided by the total number of individuals in each category. 
Mean allele (an allele is considered a band) frequencies were estimated for the thirteen 
populations (Table 3.1) with an average of 0.11 in all populations. Table 3.1 shows the 
percentage of polymorphic loci (presence of more than one allele) in the thirteen 
populations of honey locust. These numbers varied from 65.75% (at site C2) to 92.75% 
(at sites S2 and W3). In general, as we can see from the results, individuals of honey 
locust reflect high levels of genetic polymorphism.
Mean allele frequencies were also calculated separately for each of the four regions 
(Table 3.2). Across all regions only two monomorphic bands were scored, one in the 
center and one in the south of the geographic range (Table 3.2). No monomorphic bands 
were detected in the female, male and vegetative individuals (Table 3.3). For individuals 
of different thominess (Table 3.4) the percentage of polymorphic loci varied from 
75.25% (in trees with no thorns) to 99% (in trees with thorns). Average allele frequency 
did not differ among these plants.
3.2 -  Patterns of genetic diversity within and among populations of Honey Locust
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Results that show the distribution of genetic variation (Shannon’s index o f diversity, Ho) 
within and among populations of Honey Locust are presented in Table 3.5. According to 
this index, 94% of the genetic variation is detected within the thirteen populations of 
Gleditsia triacanthos, and only 6% of the differentiation is detected between and among 
these populations.
Table 3.5 also shows the values for Wright’s fixation index (Fst) for the proportion of 
genetic diversity within and among populations. These results show that the proportion of 
variation within the thirteen populations is 96.57%, while just 3.43%  is the proportion 
among the populations. Estimates of the genetic heterozygosity, in total, across the 
thirteen populations (i.e., Hr) were 0.1022, and the average heterozygosity within 
populations (Hs) was 0.0986.
Results for estimates of Nei’s genetic distances ( G st)  between individuals within a 
population varied from 0.2917 (in site W3) to 0.6703 (in site C2) (Table 3.6). Nei’s pair­
wise sites genetic distances are shown in Table 3.7. These distances varied from 0.3848 
between sites Cl and S2 populations, to 0.8495 between sites C2 and S3 populations.
The pair-wise gene flow values (Nm) varied from 1.8 between sites C2 and N2 
populations, to 5.8 between sites Cl and S2 populations (Table 3.8)
3.3 - Genetic diversity within and among the four regions of Honey Locust 
geographic range
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According to Shannon’s index of diversity (Ho), the proportion of genetic diversity 
within the four regions of honey locust distribution was 97.83%; just 2.17%  of this 
variation is portioned among the regions (Table 3.5). Very similar values for the 
proportion of diversity within and among regions were obtained by calculating Wright’s 
fixation index ( F st)- These values were, respectively, 98.59% and 1.41% (Table 3.5). 
The heterozygosity in the four regions (species total) (H t)  is 0.1022, and the average 
heterozygosity in region (Hs) is 0.1004 (see Table 3.5).
Nei’s genetic distances between individuals within a region varied from 0.16 (West) to 
0.2116 (South) (Table 3.9). Nei’s pair-wise genetic distances between two regions were 
very similar across the six pairs (C-N, C-S, C-W, N-S, N-W, and S-W) (Table 3.10a).
In Table 3.11 are grouped together the pair-wise genetic distances between populations 
within a region. The average genetic distance in the central region is 0.645; meanwhile 
this parameter is 0.569 for the three marginal regions together.
Table 3.12 shows the values of gene flow estimates (Nm) in populations within regions. 
The average estimated gene flow in the central region was 2.9 and 3.7 for the three 
marginal regions together.
Figure 3.1 shows the distribution of gene flow and genetic distances in the four regions. 
To make a comparison between the central region and peripheral regions, the graph 
shows two columns representing, respectively, the gene flow and genetic distance in the 
periphery of the geographic range. The figure indicates us that the gene flow is higher in
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the periphery o f the range than in the center. The highest estimates of gene flow occurred 
between individuals from the populations within the southern region.
3.4 - Genetic diversity within and between male, female and vegetative individuals
According to estimates of Shannon’s index of diversity (Ho), the greatest proportion of 
genetic variability was seen within the sexes (99.61%), and only a very small amount of 
genetic variation is seen between the sexes (0.39%) (Table 3.5). This result is supported 
by measures of Wright’s fixation indices ( F st) ,  shown in Table 3.5. These were, 
respectively, 99.98% within the sexes and 0.02% between the sexes. The absolute level of 
genetic heterozygosity in male/female/vegetative individuals (H t) was 0.1022, and the 
average heterozygosity in trees of each sex was 0.1018.
Table 3.13 shows the values calculated for Nei’s genetic distances within female, male 
and vegetative (non-flowering) individuals ( G st)- Pair-wise genetic distances between 
male/female/vegetative groups of individuals are: female-male 0.0526; female-vegetative 
0.061, and male-vegetative 0.0657 (see Table 3.10b).
3.5 - Genetic diversity within and between the thorniness degree in Honey Locust
The degrees of thominess are compared based in the information for the three populations 
of southern region SI, S2, S3. The individuals present have different degree of 
thominess. Murphy (2005) classified these trees in the four classes: individuals with few 
thorns, many thorns, no thorns, and some thorns (see Appendices 2.1, 2.2,2.3). In the 
present study, individuals were classified into just two categories: trees having some
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thorns present; and trees having no thorns. According to Shannon’s index of diversity 
(H0) 99.35% of the total genetic variation was distributed within the thominess degrees, 
and 0.65% of this variation is distributed between these categories of thominess (Table
3.5). Table 3.5 also presents the values of Wright’s fixation index (FSt) within the degree 
of thominess and between the degree the thominess, and these values are, respectively, 
92.5% and 7.5%. Once again the greatest differentiation is observed within the four 
degrees of thominess. The heterozygosity in total (Ht) is 0.1022, and the average 
heterozygosity (Hs) is 0.0929.
Nei’s genetic distances within thorny individuals is 0.2176, and within thornless 
individuals is 0.4119 (Table 3.14). The pair-wise genetic distance between 
thomy/thomless individuals is 0.2564 (Table 3.10c). Gene flow among the trees with 
different thominess degrees is estimated at 2.5 individuals per generation.
3.6 - Correlations between geographical distances, genetic distances and patterns of 
gene flow
Straight forward geographic distance did not significantly explain genetic distance among 
populations (Figure 3.2): neither did the matrix of 78 pair-wise genetic distances (G st) 
among 13 populations (G st values taken from Table 3.7). At the regional level, the 
greatest between-site geographic distance is in the North (162.5 km) where as the mean 
genetic distance (Nei’s genetic distance) there was the smallest (0.5326). However, no 
significant regression relation appears for the regions overall (Table 3.16). In 
comparisons of genetic diversity (Shannon’s index) with geographic distance from the
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center, three central populations cluster together; for peripheral populations, the graph is 
almost linear, line suggesting that genetic diversity increases with geographic distance 
(Figure 3.3). At the regional level, in the North, where mean between-site geographic 
distance was the greatest (162.5 km), the genetic diversity according to Shannon’s index 
is the highest; in the South where the mean geographic distance is the smallest (120 km) 
the genetic diversity value is the smallest (Table 3.16). Comparing Center region with 
Periphery of range, the mean values of geographic distances are almost identical (140 km 
in Center, 140.83 km in periphery), but it is seen a higher genetic diversity in periphery 
than in the center, and a smaller genetic distance in periphery than in center (Table 3.16).
Figure 3.4 shows the correlation between geographic distance between the thirteen 
populations and 78 pair-wise gene flow values. I had hypothesized that gene flow should 
be higher in small geographic distances, but this happened only between some proximal 
populations. For the rest of the between-population correlations, I don’t see a significant 
relationship. At the regional level, mean gene flow was greatest in the South, and least in 
the Center (Table 3.16). Comparing the Central region with the Periphery of the range, 
the mean value of gene flow is greater in periphery (Figure 3.1).
3.7 - Genetic variation and population size
At the population level, there is no apparent correlation between population size and 
genetic diversity (Figure 3.5), or between population size and genetic distance (Figure
3.6). At the regional level, mean genetic diversity (according to Shannon’s index, Ho) 
was smallest in the South, where the mean population size is the greatest (Figure 3.7). For
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the other regions, it doesn’t follow that the greater the population size, the smaller the 
genetic diversity (Table 3.16). The mean gene flow is the greatest in the South where the 
mean population size is the greatest, too (Figure 3.8). In the North, where the mean 
population size is the smallest, the greatest mean value of genetic distance is present 
(Figure 3.9).
3.8 - AMOVA results
AMOVA results are presented in Table 3.17. In the output of the program regions are 
considered as groups. According to AMOVA results, the percentage of genetic variation 
within populations is very high, 92.94%; among populations within regions the variation 
is moderate, 6.91%; and among regions there is only a very small amount of variation, 
0.15%.
3.9 - Phylip dendrogram
The output of Phylip is a rooted tree which starts with a single individual among the 549 
individuals sampled. This first individulas belongs to the first population C l of the 
central region (see Appendix 2.8). Analyzing this tree shows how related are the other 
548 individuals to the first one. Most of the individuals within a population cluster 
together, such as individuals from the N l, W l, W3, C3, N2, N3, S2, C l populations. 
According to the tree the most scattered individuals are those belonging to W2, W3 and 
S3 populations.
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At the regional level, there are two populations from the Western region which cluster 
together (W1 and W3), and two populations from the Northern region (N3 and N4). The 
individuals of the rest of the populations are found in different positions o f  the tree where 
they cluster, together with other individuals from other populations that don’t belong to 
the same region. This fact supports the relatively high levels of gene flow found between 
populations (Table 3.8).
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Table 3.1 -  Sites according to regions, number of individuals in each site, the mean allele frequencies for presence (p) and 
absence (q) of bands ± standard error in the thirteen populations of Honey Locust, number of monomorphically absent bands, 
and percentage of polymorphic bands present at each site
Sites No of 
individuals
Mean value of 
p ± S E
Mean value of 
q ± S E
Number of absent 
bands
Percentage of polymorphic 
bands
Cl 50 0.09 ± 0.004 0.91 ± 0.004 41 89.75
C2 20 0.10 ±0.006 0.90± 0.006 137 65.75
C3 47 0.10 ±0.005 0.90 ± 0.005 41 89.75
N1 32 0.11 ±0.01 0.89 ±0.01 68 83
N2 23 0.12 ±0.007 0.88 ± 0.007 94 76.5
N3 44 0.12 ±0.01 0.88 ±0.01 35 91.25
N4 49 0.12 ±0.005 0.88 ± 0.005 22 94.5
SI 21 0.09 ±0.005 0.91 ± 0.005 110 72.5
S2 43 0.11 ±0.004 0.89 ± 0.004 29 92.75
S3 38 0.09 ± 0.004 0.91 ± 0.004 51 87.25
W1 54 0.11 ±0.005 0.89 ± 0.005 22 94.5
W2 50 0.08 ± 0.004 0.92 ± 0.004 30 92.5
W3 78 0.11 ±0.004 0.89 ± 0.004 9 92.75


















Table 3.2 -  Regions of the geographic range, number of individuals in each region, the mean allele frequencies for presence (p) 
and absence (q) of bands ± standard error in each of the four regions of Honey Locust distribution; number of 
monomorphically absent bands, and percentage of polymorphic bands present in each region
Regions No. of 
individuals
Mean value of 
p ± S E
Mean value of 
q ± S E
Number of absent 
bands
Percentage of polymorphic 
bands
Central 117 0.10 ±0.003 0.90 ± 0.003 1 99.75
North 148 0.12 ±0.003 0.88 ± 0.003 0 100
South 102 0.10 ±0.003 0.90 ± 0.003 1 99.75
West 182 0.10 ±0.003 0.90 ±0.003 0 100


















Table 3.3 -  Number of female, male and vegetative individuals, the mean allele frequencies for presence (p) and absence (q) of 
bands ± standard error, number of monomorphically absent bands, and percentage of polymorphic bands in these individuals
Sexes No. of 
individuals
Mean value of 
p ± S E
Mean value of 
q ± SE
Number of absent 
bands
Percentage of polymorphic 
bands
Female 141 0.10 ±0.002 0.90 ± 0.002 0 100
Male 197 0.11 ±0.002 0.89 ± 0.002 0 100
Vegetative 158 0.10 ±0.002 0.90 ±0.002 0 100



















Table 3.4 -  The number of thorned and thornless individuals, the mean allele frequencies for presence (p) and absence (q) of 





Mean value of 
p ± SE
Mean value of 
q ± S E
Number of absent 
bands
Percentage of polymorphic 
bands
Thoms 82 0.10 ±0.003 0.90 ±0.003 4 99
No thorns 18 0.10 ±0.005 0.90 ± 0.005 99 75.25
Total 100 0.10 ± 0.003 0.90 ± 0.003
Uncategorized 449
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Table 3.5 -  Proportion of diversity in Honey Locust according to Shannon’s index of 
diversity -  Ho, and according to Wright’s fixation index -  F s t ; H t -  heterozygosity in 
total, Hs -  the average heterozygosity in populations, regions, sex classes, and the 
patterns of thorn production
Proportion of diversity Ho Ht H s Fst
Proportion of diversity within sex 
classes
0.9961 0.9998
Proportion of diversity among sex 
classes
0.0039 0.1022 0.1018 0.0002
Proportion of diversity within 
thorniness groups
0.9935 0.9250
Proportion of diversity among 
thorniness groups
0.065- 0.1022 0.0929 0.0750
Proportion of diversity within regions 0.9783 0.9859
Proportion of diversity among regions 0.0217 0.1022 0.1004 0.0141
Proportion of diversity within 
populations
0.94 0.9657
Proportion of diversity among 
populations
0.06 0.1022 0.0986 0.0343
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Table 3.6 -  Mean values of Shannon’s index of genetic diversity between individuals
within a population (Ho) and of Nei’s mean genetic distances between individuals
within a population ( G s t )









52  2.5687 0.3288





Variation in total 2.6372 0.0852
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Table 3.7 -  Matrix of average genetic distance (Nei’s genetic distance) among 13 populations of Gleditsia triacanthos
Sites C l C2 C3 N1 N2 N3 N4 SI S2 S3 W1 W2 W3
Cl 1 0.7039 0.5846 0.511 0.7745 0.5186 0.4931 0.6455 0.3848 0.512 0.6387 0.6558 0.5483
C2 1 0.6465 0.6528 0.92 0.7701 0.5923 0.6245 0.5820 0.8495 0.7009 0.8148 0.57
C3 1 0.5597 0.724 0.6032 0.4935 0.6803 0.5608 0.7362 0.6473 0.5228 0.456
N1 1 0.6647 0.4806 0.465 0.6642 0.5082 0.6321 0.5972 0.6543 0.4578
N2 1 0.5508 0.5146 0.6953 0.6748 0.8093 0.6928 0.7345 0.5947
N3 1 0.5201 0.7996 0.4867 0.5167 0.5628 0.5212 0.5934
N4 1 0.5414 0.4714 0.5526 0.613 0.5951 0.4586
SI 1 0.4459 0.8001 0.6573 0.8248 0.5785
S2 1 0.4902 0.5029 0.5644 0.56
S3 1 0.6458 0.5007 0.6055




Table 3.8 -  Matrix of average gene flow (Nm) among the 13 populations of Gleditsia 
triacanthos
Sites 1 2 3 4 5 6 7 8 9 10 11 12 13
1 -
2 2.5 -
3 3.5 2.7 -
4 4.0 2.8 3.6 -
5 2.1 1.8 2.3 2.6 -
6 3.3 2.4 2.9 3.8 3.0 -
7 3.8 3.1 3.8 4.2 3.4 3.3 -
8 3.7 2.8 3.4 3.3 2.7 2.7 4.1 -
9 5.8 3.4 3.8 4.2 2.6 3.7 4.1 5.4 -
10 4.6 2.2 3.1 3.4 2.1 3.5 3.7 3.1 4.8 -
11 2.7 2.4 2.7 3.0 2.4 2.8 2.7 3.0 3.5 2.8 -
12 3.6 2.2 4.1 3.1 2.1 3.4 3.7 2.9 4.1 5.4 2.7 -
13 3.7 3.3 4.3 4.3 2.8 2.9 3.8 4.2 3.7 3.8 3.2 3.6 -
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Table 3.9 -  Mean values of Shannon’s index of genetic diversity between individuals
within a region (H0) and of Nei’s mean genetic distances between individuals within
a region ( G s t )




W est 2.5894 0.16
Mean 2.58 0.1857
Variation in total 2.6372 0.085
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Table 3.10 -  a) Matrix of average genetic distance (Nei’s genetic distance) among 
four regions; b) Matrix of average genetic distance (Nei’s genetic distance) among 
sex classes; c) Matrix of average genetic distance (Nei’s genetic distance) among 
thorned -  no thorns categories
a) _____________________________________________
Regions c N S W
C 1 0.2258 0.2394 0.2888




Sexes Female Male Vegetative
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Table 3.11 -  Matrix of average genetic distance (Nei’s genetic distance) between 
populations within a region, mean values and their respective standard errors in 
each region
Centre region
Sites Cl C2 C3






Sites N1 N2 N3 N4
N1 1 0.6647 0.4806 0.465






Sites SI S2 S3






Sites W1 W2 W3





Mean in periphery 0.5687
Standard error 0.02
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Table 3.12 -  Matrix of average gene flow among populations within a region, the 
mean values and the respective standard errors in each region
Center region
Sites C l C2 C3






Sites N1 N2 N3 N4
N1 - 2.6 3.8 4.2






Sites SI S2 S3






Sites W1 W2 W3





Mean in Periphery 3.7
Standard error 0.4
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Table 3.13- Mean values of Shannon’s index of diversity between female, male and
vegetative (non-flowering) individuals (Ho) and of Nei’s mean genetic distances
between female, male and vegetative (non-flowering) individuals (Gst)





Variation in total 2.6216 0.3603
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Table 3.14 -  Mean values of Shannon’s index of diversity between thorned and
thornless individuals (Ho) and of Nei’s mean genetic distances between thorned and
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Table 3.15 -  Matrix of average geographic distance among 13 populations of
Gleditsia triacanthos (in km)
Sites Cl C2 C3 N1 N2 N3 N4 SI S2 S3 W1 W2 W3
Cl 0 30 210 705 750 855 885 690 795 630 810 615 825
C2 0 180 690 735 855 885 675 780 615 825 720 840
C3 0 630 690 825 855 630 735 585 975 885 1005
N1 0 90 240 270 1230 1335 1200 1470 1350 1470
N2 0 165 180 1320 1410 1275 1500 1365 1500
N3 0 30 1455 1560 1410 1575 1425 1560
N4 0 1470 1575 1350 1605 1455 1575
SI 0 105 90 945 945 1035
S2 0 165 975 990 1065
S3 0 870 870 960
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Table 3.16 -  Geographic regions of Honey Locust range, their average population 
size - Ps, average geographic distance between populations in a region (in km) - Go, 
values of Shannon’s index of diversity in regions and their standard error -  Ho ± 
SE, mean values of gene flow in regions and their standard error -  Nm ± SE, and 
mean values of genetic distances in regions and their standard error — G s t  ± SE.
Regions Ps ±SE Gd (in km) ± SE H0 ±SE Nm± SE G st ^ SE
C 108 ±38 140 ±56 2.457 ±0.35 2.9 ±0.3 0.645 ± 0.03
N 103 ±45 162.5 ±37 2.8816 ± 
0.35
3.4 ±0 .2 0.5326 ± 0.03
S 239 ± 
136
120 ±23 2.3922 ± 
0.29
4.4 ± 0.7 0.5787 ±0.11
w 143 ±42 140 ±13 2.5894 ± 
0.31
3.2 ±0.3 0.5948 ± 0.04
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Figure 3.1 -  Mean values of gene flow ± standard error and genetic distance ± 
standard error at each region
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Figure 3.2  -  The relationship between pair-wise geographic distances (Table 3 .1 5 )  
and pair-wise genetic distances (G st)  among 13 populations of Gleditsia triacanthos
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Figure 3.3 -  Correlation between geographic distances from the center of the range 
(taken from Table 2.1) in km and mean values of Shannon’s index of genetic 
diversity between individuals within a population
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Figure 3.4 -  The relationship between pair-wise geographic distances and pair-wise 
gene flow values among 13 populations of Gleditsia triacanthos
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Figure 3.5 -  Relationship between population size and mean values o f Shannon’s 
index of genetic diversity between individuals within a population of Gleditsia 
triacanthos
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Figure 3.6 -  The relationship between population size and Nei’s mean genetic 
distances between individuals within a population of Gleditsia triacanthos
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Figure 3.7 — Relationship between population size and mean values o f  Shannon’s 
index of genetic diversity ± standard error in the four geographical regions of 
Gleditsia triacanthos range
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Figure 3.8 -  The relationship of mean values of population size and mean values of 
gene flow ± standard error in the four regions of Gleditsia triacanthos range
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Figure 3.9 -  The relationship between mean values of population size and mean 
values of Nei’s genetic distance ± standard error in the four regions of Gleditsia 
triacanthos range
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Chapter 4 Discussion
4.1 - The use of markers
The use of dominant markers to assess genetic variability among individuals and 
populations is promising because many polymorphic loci can be obtained fairly easily, in 
a relatively short time and at low cost, without any prior knowledge of the genome of the 
species under study (Hardy 2003). Therefore, RAPDs should find major population 
genetics applications, notably in the field of genetic conservation, where molecular 
markers need to be developed at a reasonable cost (Hardy 2003).
In the present study, RAPD markers proved to be a powerful method for the detection of 
spatial genetic variation. With 15 primers, we obtained 400 markers (Appendix 3.1) and 
could differentiate the 549 G. triacanthos individuals, reflecting a rich allelic diversity in 
the populations. RAPD results indicate that G. triacanthos appears to maintain a 
relatively high level of genetic diversity (Pp = 86%; G st  = 0.428). Hamrick et al. (1992) 
reported mean values for most woody species based on isozymes to be Pp = 59.5%, Gst = 
0.183 for angiosperms, and Pp = 71.1%, Gst = 0.169 for gymnosperms.
Tero et al. (2003) investigated the distribution of genetic variation within and between 
seven subpopulations of Silene tatarica in northern Finland by using amplified fragment 
length polymorphism (AFLP) markers. Relatively high values of genetic diversity among 
subpopulations (Fst) indicated a clear subpopulation differentiation. There was no 
correlation seen between geographical and genetic distances among the subpopulations,
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nor any correlation between the subpopulation size and amount of genetic variation. 
Estimates of gene flow suggested a low level of gene flow between the subpopulations, 
and the assignment tests proposed a few long-distance bi-directional dispersal events may 
have occurred between subpopulations.
4.2 - Choice of primers
Primers used in the present study (Table 2.2) differed substantially in their ability to 
produce markers that were polymorphic in form between and within Honey Locust 
individuals and populations. Similar findings have been reported in other studies where 
RAPDs have been used for analysis of genetic diversity in plant populations (see, e.g., 
Huff et al. 1993). Consequently, estimations based on a small number of primers may be 
seriously biased. However, choice of suitable primers may be tailored to the study in 
question. In our material, primers 245,210,220 appear to be the most useful for 
discrimination between individuals because they produced highly polymorphic markers at 
this level. For genetic mapping and linkage studies, primer 245 appears to be potentially 
suitable, because it produces markers that are highly polymorphic within populations.
4.3 - Genetic diversity within and between populations
The levels of genetic variation in G. triacanthos are generally consistent with predictions 
based on its ecological and life history characteristics (Schnabel & Hamrick 1990a). Thus 
Hamrick and Godt (1990), in the most recent review of allozyme diversity in plants, 
concluded that high levels of variation were most strongly correlated with a wide 
geographic range, outcrossed mating system, and long generation times. All three traits
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are characteristic of G. triacanthos and help explain the high levels of within-population 
genetic diversity found in my study. One of the most notable features of genus Gleditsia 
is its high percentage of polymorphic loci per population, and its genetic diversity 
(Schnabel & Hamrick 1995). These values, even considering the small numbers of loci 
examined, are much higher than those reported for seed plants in general (p=29.0% - 
57.7%; Hamrick & Godt 1990).
Plant species generally are variable at slightly greater than 50% of their loci (Hamrick & 
Godt 1990). The corresponding estimate for G. triacanthos in our study was 86% of the 
loci polymorphic (Table 3.1). This value is very close to the value that Schnabel and 
Hamrick (1990a) estimated for G. triacanthos, 81% of the loci polymorphic. This 
percentage of polymorphic loci is much higher than those of temperate-zone species 
(48.5%), species with widespread geographic ranges (43.8%), and outcrossing-animal 
species (50.1%), and it is also higher than those of long-lived woody perennial species 
(64.7%; Hamrick & Godt 1990). These comparisons suggest that the genetic diversity 
levels of G. triacanthos are higher than its associates, the temperate-zone species.
G. triacanthos maintains relatively high levels of variation compared to the average plant 
species. For example, its estimated mean genetic diversity at 0.428 is substantially higher 
than that of temperate-zone species (0.146), long-lived woody perennial species (0.177), 
outcrossing-animal species (0.167), and also higher than species with widespread 
geographic ranges (0.202) (Hamrick & Godt 1990).
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The relatively high level of genetic variation found in G. triacanthos is however 
consistent with several aspects of its biology. First, geographic range has been shown to 
be strongly associated with the level of variation maintained within populations and also 
at the species level (Hamrick & Godt 1990). Widely distributed plant species tend to 
maintain more variation than more narrowly distributed species. G. triacanthos is very 
widely dispersed across the eastern half of North American range (Figure 1.1) where 
large, contiguous populations exist (Murphy 2005). Second, the breeding system of a 
species is an important determinant of variability at both the species and population level. 
G. triacanthos is outcrossing, and an insect-pollinated species. This combination is well- 
known to be associated with high levels of genetic variation (Hamrick & Godt 1990). 
Third, long-lived perennial species, like G. triacanthos, generally maintain relatively 
higher levels of variation than annual and short-lived perennial species.
Woody species maintain more variation within species and within populations than 
species with other life forms but have less variation among populations (Table 1.1; 1.2). 
Woody species with large geographic ranges, outcrossing breeding systems, and wind or 
animal-ingested seed dispersal have more genetic diversity within species and 
populations but less variation among populations than woody species with other 
combinations of traits. Although life history and ecological traits explain a significant 
proportion (34%) of the variation among species for the genetic parameters measured, a 
large proportion of the inter-specific variation is unexplained. The specific evolutionary 
history of each species must play an important role in determining the level and 
distribution of genetic diversity. In this study, 92.94% of the variation is found within
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populations of Honey Locust (Table 3.17). This value is almost the same with the one 
found by Schnabel & Hamrick (1990), when estimating the total variation in Honey 
Locust due to differences within populations (94%).
In addition, although Honey Locust is a colonizing species with populations most likely 
founded by few individuals, rapid population growth and long generation time probably 
overcome the effects that genetic drift would have on allele and genotype frequencies 
(Schnabel & Hamrick 1990). Genetic drift changes the genetic variation in two ways: (i) 
the decrease of variation within populations (loss of heterozygosity and eventual fixation 
of alleles), and (ii) the increase of differentiation among populations. In this study genetic 
drift doesn’t have a great influence in genetic diversity because the level of differentiation 
among populations is low. Approximately 7% of the total variation in Honey Locust (c.f. 
6% variation among populations found by Schnabel & Hamrick in 1990) is due to 
differences among populations. This estimate is lower than expected, based upon several 
life history traits and is comparable to the levels of differentiation found in conifers and 
other wind-pollinated tree species (e.g., Alnus crispa, Bousquet et al. 1987). Honey 
Locust is insect-pollinated, produces heavy, animal-dispersed fruits, and is an early 
colonizer of old fields and pastures, in particular bottomlands (Murphy 2005). These 
traits are often associated with moderate genetic differentiation among populations ( G st  =  
0.15-0.25; Loveless & Hamrick 1984). The low level of genetic differentiation observed 
in this study indicates that gene flow among populations is probably high. As shown in 
Table 3.8, gene flow values among the thirteen populations of Honey Locust (Nm) ranged 
from 1.8-5.8 individuals per generation. Values greater than 4.0 indicate that gene flow
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has a major role in shaping the genetic structure of populations. The high values of gene 
flow between and among the thirteen populations across the four regions may explain the 
similarity between individuals presented in Appendix 2.8.
It is a common observation that plant species, including populations and individuals 
within populations, have clustered distributions within natural landscapes (McCauley 
1995a). Such spatial arrangements can significantly affect evolutionary factors such as 
selection and genetic drift, and thus may have important consequences for the genetic 
composition of plant populations. However, the influence of such evolutionary factors on 
the distribution of genetic variation also depends on the dispersal ability o f the organism 
and its impact on gene flow among populations. High rates of gene flow can homogenize 
genetic differences among populations even in the face of intense selection. Any factor, 
such as habitat fragmentation, that changes the spatial relationships between individuals 
or populations could have important consequences for gene flow and for genetic structure 
(Nason & Hamrick 1997). Many tropical tree species within fragmented habitats are in 
danger of losing their genetic diversity, due to genetic drift, and may also experience 
increased rates of inbreeding (Hamrick 1997). According to Hamrick (1997), a key factor 
in predicting the effects of forest disturbance on the genetic composition of the remaining 
forest fragments is the rate of gene flow among fragments.
Drift and migration influence species and genetic diversity in fairly similar and 
straightforward ways (Vellend 2005). The effects of drift and migration are frequently 
manifested as positive correlations of diversity with the area or connectivity of localities
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(Rosenzweig 1995; Frankham et al. 2002), and these variable locality characteristics may, 
in turn, drive positive correlations between species diversity and genetic diversity 
(Vellend 2005).
Dunphy and Hamrick (2005) estimated gene flow and patterns of genetic diversity in 
Albizia lebbeck, an invasive leguminous tree in the dry forest of southwestern Puerto 
Rico. Gene flow was measured indirectly by estimating the effective number of 
immigrants per generation (Nm): Nm = ( 1- F s t ) /4 F s t ,  where F s t  is the proportion of total 
genetic diversity due to differences among populations (Wright 1951). Genetic diversity 
estimates calculated for 10 populations of 24 trees each indicated that these populations 
likely arose from multiple introductions. The combination of individuals from disparate 
locations led to high estimates of genetic diversity. Indirect estimates of gene flow 
indicated that only 0.69 migrants per generation move between populations, suggesting 
that the relative amount of genetic diversity within populations should increase due to 
genetic drift. Gene flow levels were measured also directly by using paternity analysis. 
Indirect and direct measures of gene flow lead to slightly different predictions, and the 
apparent absence of migration-drift equilibrium for this invasive species indicates that the 
direct estimates are more reliable (Dunphy and Hamrick 2005).
Significant genetic variation was observed at all hierarchical levels, i.e., between 
individuals within a population (Table 3.6), among populations (Table 3.7), between 
individuals within a region (Table 3.9), among regions (Table 3.10a), and between 
populations within a region (Table 3.11). Despite differentiation among regions and
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among populations, genetic differentiation among populations was not related to 
geographic distance in G. triacanthos (Figure 3.2). Similarly, no correspondence between 
geographic distance and gene flow was found here for G. triacanthos populations (Figure 
3.4). There was not significant positive correlation between population size and genetic 
diversity in G. triacanthos populations (Figure 3.5). In fact one of the southern 
populations, S3, had the greatest population size, but almost the lowest value of diversity 
among its individuals. Moreover, population N3 which had the smallest population size 
and population N4 with 200 individuals both have almost the same values o f genetic 
diversity (Table 3.6). This seems more likely be because these two populations belong to 
the same region, and are only 30 km apart from each other.
Habitat fragmentation may have significant consequences for population genetic structure 
because geographic distance and physical barriers may impede gene flow (Mossman & 
Waser 2001). Following fragmentation, populations may be both small and isolated and 
experience lower levels of immigration from outside (Soule 1987a). Habitat isolation 
may cause gene flow between populations to decrease and genetic drift within 
populations to increase, owing to smaller population sizes. As a result, within-population 
genetic variation is expected to be lower and genetic differentiation among populations 
greater, following fragmentation. Recent studies have confirmed theoretical expectations 
that variables such as distance between habitat fragments, size of populations, and habitat 
area may affect genetic variation (Lande & Barrowclough 1987; Saunders & Hobbs 
1991).
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While fragmentation is expected to decrease genetic variation within populations, some 
authors have suggested that overall genetic variation may be maintained because of 
genetic differentiation among populations (e.g., Harrison & Hastings 1996). Both 
distance and the intervening habitat between populations likely influence the amount of 
genetic differentiation, however the effects are not consistent across species. The distance 
between populations may also influence the amount of inter-population genetic 
differentiation, but the effect varies across species.
Donaldson et al. (2002) examined the effects of habitat fragmentation on the pollinator 
diversity and reproductive success of seven perennial plant species in Renosterveld shrub 
lands, in South Africa. They sampled the pollinators in small (0.5-2ha), medium (3-10ha) 
and large (>30ha) habitat fragments during the peak flowering period in spring and 
summer. Donaldson et al. (2002) compared fruit set and seed set in seven shrubby plant 
species on different-sized fragments. Hand-pollinated controls were used to determine 
pollination deficits in three species. Seed-germination studies were done on two species 
to determine the effect of reduced seed set on reproductive output. Overall, the species 
richness of bees, flies and butterflies did not vary significantly among different-sized 
fragments. However, the abundance of particular species of bees and monkey beetles was 
significantly affected by fragment size, together with other factors such as vegetation 
cover and the ratio of grass species to shrub species. In four of the seven species fragment 
size and distance to large remnants of vegetation had a significant influence on seed or 
fruit set. According to these results, perennial species respond in different ways to 
fragmentation, and populations in small fragments do not always experience pollination
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deficits. There needs to be a greater focus on the habitat requirements o f pollinators to 
predict the effects of habitat fragmentation on pollination systems in as for as they affect 
plant reproductive success.
The distribution of genetic diversity can be influenced by various life-history traits, with 
breeding system having a particularly significant effect (Hamrick & Godt 1996). 
Inbreeding species are frequently characterized by a high degree of population genetic 
differentiation and relative uniformity within populations; whilst out breeding species 
tend to be more diverse within, with less genetic differentiation, between populations 
(Hamrick & Godt 1996).
4.4 - Peripheral populations in comparison to central populations
Peripheral populations may contain important genetic diversity since they likely face 
environmental conditions atypical of the species’ overall distribution (Kark et al. 1999). 
According to the ‘abundant-centre distribution’ model species abundance tend to be 
greater toward the centre of the geographical range and lower at the periphery (Sagarin & 
Gaines 2002; Murray & Lepschi 2004). The three main predictions of the abundant- 
centre distribution are: (1) abundance should be higher in sites closer to the centre of the 
range; (2) species should occupy more sites towards the centre of the range; and (3) 
abundance and occupancy should decline linearly towards the edge of the range. But 
Murphy et al. (2005), in an analysis of the distribution of abundance across the entire 
range of 134 eastern North American tree species, showed that the abundant-centre 
distribution model was in fact not well supported for most of the species. According to
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the results, sites closest to the centre were not always those with the greater abundance of 
the species.
Murphy et al. (2005) analyzed a spatial dataset of abundance across the geographical 
ranges of 134 tree species in eastern North America to test macro ecological hypotheses 
concerning the distribution of abundance across geographical ranges. The four 
hypotheses tested were: (a) species occur in low abundance throughout most of their 
geographical range; (b) there is a positive inter-specific relationship between abundance 
and range size; (c) species are more abundant in the center of their range; and (d) there is 
a bimodal distribution of spatial autocorrelation in abundance across a species range. The 
results of Murphy et al. (2005) demonstrated that (a) most species (85%) are abundant 
somewhere in their geographical range; (b) species achieving relatively high abundance 
somewhere tend to have larger range sizes; (c) the widely held assumption that species 
exhibit an ‘abundant-centre distribution’ is not well supported for the majority of species; 
they suggest ‘abundant-core’ as a more suitable term since the core is not necessarily at 
the geometric centre of the species range; and (d) there is no evidence of a bimodal 
distribution of spatial autocorrelation in abundance. According to Murphy et al. (2005) 
high abundance for many tree species can be achieved at any position in the range, 
though suitable sites are found with less frequency toward range edges.
Marginal populations are theorized to be less variable for several reasons, including small 
population sizes, reduced gene flow, and historical factors (e.g., Nei et al. 1975; Cwynar 
& MacDonald 1987). Evidence from electrophoretic studies, however, has been mixed.
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Peripheral populations are expected to diverge from central populations as a result of the 
interwoven effects o f isolation, genetic drift, and natural selection.
Available empirical evidence suggests that peripheral populations are often genetically 
and morphologically divergent from central populations. Peripheral populations may 
have reduced genetic variation compared to central populations, but this is not always the 
case. Peripheral populations showed reduced genetic variation compared to central 
populations in conifers such as Chamaecyparis lawsonti (Millar & Marshall 1992), Pinus 
contorta (Cwynar & MacDonald 1987), P. ponderosa (Hamrick et al. 1989), etc.; in 
deciduous such as Betula (Coyle et al. 1982) and Gleditsia (Schnabel & Hamrick 1990a); 
and in herbaceous species including Avena (Jain et al. 1981), Sarracenia (Schwaegerle & 
Schaal 1979), etc.
At the same time, however, results.from peripheral populations of Picea abies (Tigerstedt 
1973), Pinus edulis (Betancourt et al. 1991), Camelia japonica (Wendel & Parks 1985), 
and Phlox spp. (Levin 1977,1978) did not reveal reduced genetic variation compared to 
central populations. Founder effects and drift due to reduced gene flow should cause 
peripheral populations to have different alleles or gene frequencies than central 
populations.
There has been considerable theoretical investigation of the evolutionary limits to a 
species’ range (Bradshaw 1991; Hoffman & Blows 1994; Barton 2001). It is commonly 
assumed that isolation and reduced size of peripheral populations will lead to a reduction
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in their genetic diversity (Ellstrand & Elam 1993; Schaal & Leverich 1996) and possibly 
a reduction in the likelihood that they might adapt to conditions beyond the range edge 
(Bradshaw 1991).
However, it has been hypothesized that fluctuating environmental conditions in 
peripheral areas might maintain more genotypes there if selection favours genetic 
flexibility, whereas relatively more stable conditions in core areas may favour the high 
average fitness of only a few genotypes (Saffiel et al. 1994). This would potentially lead 
to lower diversity o f populations in core rather than peripheral regions o f a species’ 
range. Furthermore, although genetic divergence of peripheral populations is predicted 
based on increased geographical isolation (Schaal & Leverich 1996), it has also been 
suggested that reduced density of peripheral populations may render them likely to be 
swamped by gene flow from populations further toward the core (Barton 2001). This 
would prevent their divergence and adaptation to local (range-edge) conditions, thereby 
restricting range expansion (Barton 2001).
Jump et al. (2003) examined patterns of genetic variability in Cirsium acaule and C. 
heterophyllum. Both species showed a decline in the density of populations approaching 
the range edge, indicating that peripheral populations are more geographically isolated 
from one another than populations in core areas of the range. In addition to the effects of 
genetic drift caused by their contemporary isolation (Ellstrand & Elam 1993; Schaal & 
Leverich 1996), range-edge populations are expected to show decreased genetic diversity 
as a result of historic colonization processes.
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Genetic diversity may be lower in range edge populations both as a consequence of 
founder effects at expanding range margins and genetic bottlenecks at the retreating edge 
(Hewitt 2000). However, only C. acaule, showed decreased diversity in its range-edge 
populations; the absence of this pattern in C. heterophyllum was surprising given the 
parallel decline in population density and seed production approaching the range edge of 
both species (Jump & Woodward 2003). The loss of diversity in isolated populations may 
be slowed in plants that reproduce by both seed and clonal reproduction, as a 
consequence of clonal persistence of individuals and the increased opportunity for sexual 
reproduction of long-lived clones (Schaal & Leverich 1996; Young et al. 1996). Given 
the possible longevity of individual clones, very few new genets need to be added 
annually in order to maintain genetic diversity in such populations (Widen et al. 1994; 
McLellan et al. 1997).
At the largest scale, increasing geographical distance between populations is expected to 
result in decreasing genetic similarity (isolation by distance, Jump et al. 2003).
In small populations at the edge of a species range, genetic drift may lead to reduced 
within-population genetic diversity and increased between-population differentiation, 
while populations admixture can lead to increased genetic diversity (Walter & Epperson 
2001).
According to Murphy (2005) there are many factors that influence the distribution of 
abundance and population performance across the range in Honey Locust, and effects of
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these factors appear to differ regionally and latitudinally. These factors should be the 
ones that will also influence patterns of genetic diversity in Honey Locust. According to 
Murphy’s (2005) results, abundance and performance of plants in G. triacanthos 
populations were not simply related to position in the range, as predicted by the central- 
peripheral model. Populations at the western periphery of the species’ range appear to 
have a relatively broader niche, show active recruitment and high density and abundance, 
but at the same time high levels of developmental instability and low survivorship. 
Populations in the southern part of the range had a relatively narrower niche breadth, and 
showed low recruitment, density, abundance and developmental instability, but high 
survivorship. Geographically central and northern parts of the Gleditsia triacanthos range 
contained populations with a mix of demographic structures and a range of population 
performance values. Moreover, trees in the southern part of the range appear to have 
virtually no niche overlap with trees from the central part of the range. The niche space 
occupied by western trees overlaps to some degree with that of the central trees and to a 
lesser extent, with that of southern trees (Murphy 2005).
Murphy’s (2005) results suggest abiotic conditions may be more limiting in the western 
region of the range, while competition likely plays a more significant role in limiting 
population performance, distribution and niche breadth in southern populations. The 
successional stage of the site probably influences population performance and abundance 
of trees in central and northern parts of the range and a lack of available suitable habitat 
may limit further extension of the range to the north (Murphy 2005). Based upon the 
present results, plants in central populations had higher values of genetic distances from
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peripheral populations, and gene flow was higher (Figure 3.1). In the three groups of 
peripheral populations, higher levels of gene flow accounted, especially in the south 
where gene flow is the highest (Table 3.16). This may be explained by the fact that mean 
population size in the south is greater than in the other regions, and mean geographic 
distance between southern populations was least.
In the south where gene flow is the highest between southern populations, the genetic 
diversity is the smallest. This might be connected with the fact that a very high proportion 
of the landscapes surrounding the southern sites are composed of rich bottomland 
deciduous forest (see Table 2.1). Sites in western, northern and central parts of the range 
tend to occur on a broader range of land-cover types, including more open vegetation 
such as pasture/grassland, and land-cover classified as sparse, woody vegetation (Murphy 
2005).
In the northern region where the mean geographic distance is the highest and mean 
population size is the lowest we got the highest value of genetic diversity and the lowest 
value of genetic distance in the four regions. Northern sites tended to produce very little 
fruit, while fruit production in central sites was relatively low (Murphy 2005).
Mean geographic distance in central populations does not differ significantly from that of 
peripheral populations. Mean population sizes are greater in the periphery of the range. 
We have evidence of less gene flow and higher differentiation between populations in the 
center of the range of Gleditsia triacanthos than in the periphery (Table 3.16). This is not
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in accord with the classical view of the ‘Central-Marginal Model’ that states that central 
populations are more genetically variable than marginal populations because of fewer 
ecological niches at the margins (da Cunha & Dobzhansky 1954), or because of a greater 
importance of heterosis in central populations (Wallace 1984).
4.5 - Female/Male differentiation
According to the present results no significant genetic variation exists in general between 
female and male individuals of G. triacanthos. Mean genetic diversity based on 
Shannon’s index of diversity is essentially identical in female and male categories (Table 
3.13). This is supported also by the fact that > 99% of the variation occurs between 
individuals of the same sex, and a tiny amount of differentiation is seen between the 
individuals of the two categories (Table 3.5). Mean genetic distance among female 
individuals was greater than the one among male individuals (Table 3.13). This variation 
can be explained by the fact that females of Honey Locust tend to have fewer flowers per 
inflorescence than males (Tucker 1991; Macdonald 2003), or by the other fact that male 
trees tend to flower every year, while flower and fruit production in females is more 
sporadic (Schnabel et al. 1991; Murphy 2005). According to Murphy (2005), there is 
higher mortality among females than among males. Moreover, Schnabel et al. (1991) 
suggested males of G. triacanthos may be more associated with clonal growth than 
females. These facts may also contribute to female individuals having a greater mean 
inter-individual genetic distance than male individuals.
124
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.6 - Thorn presence/absence differentiation
Little is known about thorn production in honey locust. Macdonald (2003) showed that 
there is significant variation between individuals in terms of stem thorn production 
patterns. In the present study, there is not sufficient information about thorn 
presence/absence for all individuals. I have information only for the individuals in the 
three southern populations. Based on the results, very little genetic variation was detected 
among thomed vs thornless individuals; the highest amount of genetic variation was 
evident between individuals in the same category of thorn production (Table 3.5). In 
general, thorn development tended to be reduced in older individuals. Moreover, after 
about 10 years of age, thomed trees can show thornless regions in the upper and outer 
shoots (Chase 1947). Mean genetic diversity was the same in the two categories, however 
the two groups differ significantly in the values of mean genetic distance, where it was 
much higher among individuals having thorns (Table 3.14).
4.7 -  Are my hypotheses supported or rejected?
Hypothesis 1. To see if there is high or low genetic differentiation among populations I 
was focused on the gene flow values among the thirteen populations of Honey Locust, 
presented in Table 3.8, and on the mean values of gene flow among populations within a 
region, presented in Table 3.12. Values of gene flow were relatively high, ranging from
1.8 individuals per generation between sites C2 and N2 to 5.8 individuals per generation 
between sites Cl and S2. High values of gene flow between populations show that there 
is less genetic differentiation among populations of Honey Locust. It was expected there 
would be high levels of genetic differentiation among plant populations, because plants
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are sessile organisms and less gene movement will occur. As my results show the 
opposite, this means that my first hypothesis is being rejected.
Hypothesis 2. Honey Locust is a woody plant. As shown in Table 3.1, high levels of 
polymorphism within the thirteen populations of this study were detected. Also, there 
were high levels of genetic diversity within populations (see Table 3.5 and Table 3.17). In 
comparison with species of other life forms (Table 1.1 and Table 1.2), our values for 
Honey locust are very high. The second hypothesis, that woody plants maintain more 
variation within- and less variation among populations, than other plant life forms is 
therefore supported from my results. The high values of within-population diversity in G. 
triacanthos are associated with the three life traits that are characteristic of this plant: (a) 
wide geographic range; (b) outcrossed mating system; and (c) long generation times 
(Hamrick & Godt 1990).
Hypothesis 3. It was expected that more distant populations should show greater genetic 
differentiation than more proximal populations. According to my results, in Figures 3.2 
and 3.4 there is no evident correlation between pair-wise geographic distances and pair­
wise genetic distances; neither between pair-wise geographic distances and pair-wise 
gene flow. Thus the third hypothesis was rejected.
Hypothesis 4. (a) Central populations are expected to be more diverse genetically than 
peripheral populations. In Table 3.16, genetic diversity (according to Shannon’s index of 
diversity) was not the highest; I got the highest value of genetic diversity in the northern
126
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sites. This hypothesis was therefore rejected, because at a regional level central 
populations are not the most genetically diverse.
(b) Central populations are expected to show less differentiation, and high rates of gene 
flow. The values of gene flow in the four regions can be found in Figure 3.1. Highest 
values of gene flow were in the south. The central region has in fact the lowest values of 
gene flow. When gene flow is the lowest, genetic differentiation is greatest. Thus, this 
hypothesis was rejected too, because central populations show least gene flow among 
them.
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Conclusions
1- Honey Locust individuals show high levels of polymorphism. This estimate in the 
present study is 86% of loci polymorphic.
2- Honey Locust maintains high levels of genetic variation within populations 
(92.94%), moderate variation between population within regions (6.91%), and 
very little variation among regions (0.15%). The high levels of variation within 
populations are most strongly correlated with a wide geographic range, outcrossed 
mating system, and long generation times for G. triacanthos individuals.
3- In the Center of the geographic range, mean gene flow between populations is the 
smallest in comparison with the periphery of the range, while mean Nei’s genetic 
distance is the greatest. In the periphery, the mean gene flow is the greatest in the 
South where genetic diversity according to Shannon’s index is the smallest. This 
is explained by the fact that in the South the mean population size is the greatest, 
and mean geographic distance between populations is the smallest.
4- No specific bands and no significant genetic variation exist between female and 
male individuals of Honey Locust even though female and male individuals differ 
in the fact that male trees flower every year while females have a more sporadic 
fruit and flower production, or in the other fact that female individuals have a 
higher mortality than males.
5- Very little genetic variation is detected among thomed -  no thom individuals.
This is because of non-sufficient information about thom absence/presence for all 
individuals, and all these individuals belonged to the southern region where the 
conditions are the same.
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APPENDICES
Appendix 1 - Information about the presence of thorns in the population of Natchez







6. 13 som e
7. 14 few
8. 16 few
9. 17 som e
10. 18 som e
11. 19 few
12. 20 som e
13. 21 som e
14. 22 few
15. 23 som e
16. 27 som e




21. 37 som e
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Appendix 2 - Information about the presence of thorns in the population of Pomme
de Terre (PDT), S2.
No. TREE_# THORNS







8. 14 som e
9. 18 som e
10. 20 som e
11. 22 few
12. 23 none
13. 25 som e
14. 26 som e
15. 28 som e
16. 30 som e
17. 31 som e
18. 34 few
19. 36 som e
20. 38 som e
21. 39 som e
22. 41 som e





28. 52 som e









38. 71 som e
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13. 22 som e
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Appendix 4 - DNA Preparation. Protocol for Isolation of DNA form Plant tissue. 
DNeasy Plant Mini Kit from QIAGEN
1. Add 400 pi of Buffer API and 4 pi of RNase A stock solution (100 mg/ml) to a 
maximum of 100 mg of ground (wet weight) or 20 mg (dried) plant or fungal 
tissue and vortex vigorously.
No tissue clumps should be visible. Vortex or pipet further to remove any clumps. 
Clumped tissue will not lyse properly and will therefore result in a lower yield of 
DNA. In the rare case where clumps cannot be removed by pipetting and vortexing, 
a disposable micropestle may be used.
Note: Do not mix Buffer API and RNase A before use.
2. Incubate the mixture for 10 min at 65°C. Mix 2-3 times during incubation by 
inverting tube.
This step lyses the cells.
20 DNeasy Plant Mini and DNeasy Plant Maxi Handbook 01/2004
3. Add 130 pi of Buffer AP2 to the lysate, mix, and incubate for 5 min on ice.
This step precipitates detergent, proteins, and polysaccharides.
Optional: Centrifuge the lysate for 5 min at 20,000 x g  (14,000 rpm).
Some plant materials can generate very viscous lysates and large amounts of 
precipitates during this step resulting in shearing of the DNA in the next step (see 
“Lysate filtration with QIAshredder”, page 13). In this case, optimal results are 
obtained if the majority of these precipitates are removed by centrifugation for 5 min 
at 20,000 x g  (14,000 rpm). After centrifugation, apply supernatant to QIAshredder 
Mini Spin Column and continue with step 4.
4. Apply the lysate to the QIAshredder Mini Spin Column (lilac) placed in a 2 ml 
collection tube and centrifuge for 2 min at 20,000 x g  (14,000 rpm).
It may be necessary to cut the end off the pipet tip to apply the lysate to the 
QIAshredder Mini Column. The QIAshredder Mini Column removes most 
precipitates and cell debris, but a small amount will pass through and form a pellet 
in the collection tube. Be careful not to disturb this pellet in step 5.
5. Transfer flow-through fraction from step 4 to a new tube (not supplied) without 
disturbing the cell-debris pellet.
Typically 450 pi of lysate is recovered. For some plant species less lysate is recovered. 
In this case determine volume for the next step.
6. Add 1.5 volumes of Buffer AP3/E to the cleared lysate and mix by pipetting.
Example: To 450 pi lysate add 675 pi Buffer AP3/E. Reduce the amount of Buffer 
AP3/E accordingly if less lysate is recovered. A precipitate may form after the addition 
of ethanol but this will not affect the DNeasy procedure.
Note: Ensure ethanol has been added to Buffer AP3/E (see “Things to do before 
starting”).
Note: It is important to pipet Buffer AP3/E directly onto the cleared lysate and to 
mix immediately.
7. Apply 650 pi of the mixture from step 6, including any precipitate which may 
have
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formed, to the DNeasy Mini Spin Column sitting in a 2 ml collection tube (supplied). 
Centrifuge for 1 min at >6000 x g  (corresponds to >8000 rpm for most 
microcentrifuges) 
and discard flow-through.*
Reuse the collection tube in step 8 .
8. Repeat step 7 with remaining sample. Discard flow-through* and collection tube.
9. Place DNeasy Mini Spin Column in a new 2 ml collection tube (supplied), add 500 
pi
Buffer AW to the DNeasy Mini Spin Column and centrifuge for 1 min at >6000 x g  
(>8000 rpm). Discard flow-through and reuse the collection tube in step 10.
Note: Ensure ethanol is added to Buffer AW.
* Flow-through fractions contain Buffer AP3/E, and are therefore not compatible with 
bleach. See page 6  for 
further information.
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10. Add 500 pi Buffer AW to the DNeasy Mini Spin Column and centrifuge for 2 
min
at 20,000 x g  (14,000 rpm) to dry the membrane.
It is important to dry the membrane of the DNeasy Mini Spin Column since residual 
ethanol may interfere with subsequent reactions. This spin ensures that no residual 
ethanol will be carried over during elution. Discard flow-through and collection 
tube.
After washing with Buffer AW, the DNeasy Mini Spin Column membrane is usually 
only slightly colored. In the rare case that the membrane remains significantly 
colored after washing with Buffer AW, refer to “Darkly colored membrane” in the 
Troubleshooting Guide on page 26.
Note: Following the spin, remove the DNeasy Mini Spin Column from the collection 
tube carefully so the column does not come into contact with the flow-through, as 
this will result in carryover of ethanol.
11. Transfer the DNeasy Mini Spin Column to a 1.5 ml or 2 ml microcentrifuge tube 
(not supplied) and pipet 100 pi of Buffer AE directly onto the DNeasy membrane. 
Incubate for 5 min at room temperature (15-25°C) and then centrifuge for 1 min
at >6000 x g  (>8000 rpm) to elute.
Elution with 50 pi (instead of 100 pi) increases the final DNA concentration in the 
eluate significantly, but also reduces overall DNA yield. If larger amounts of DN A 
(>20 pg) are loaded, eluting with 200 pi (instead of 100 pi) increases yield. See 
“Elution” on page 13.
12. Repeat step 11 once.
A new microcentrifuge tube can be used for the second elution step to prevent 
dilution of the first eluate. Alternatively, the microcentrifuge tube can be reused for 
the second elution step to combine the eluates.
Note: More than 200 pi should not be eluted into a 1.5 ml microcentrifuge tube 
because the DNeasy Mini Spin Column will come into contact with the eluate.
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Appendix 5 - RAPD Protocol
Preparation o f  reaction mixture
1. Prepare core buffer in a 1.5 ml microtube (enough for 100 reactions):
2 0  pi dNTP’s, 100 mM
250 pi NH4  rxn buffer, lOx
125 pi MgCh, 50 mM
355 pi SupH20
750 pi total volume
Mix by inversion and spin to collect solution.
2. Prepare the cocktail in a 1.5 ml microtube (enough for 10 reactions, adjust amount 
according to need). Cocktail should be prepared just before use.
2 pi Taq polymerase, 5 u/pl
10 pi Primer, 10 pM
138 ul supFfeO
150 pi total volume
Mix by inversion and spin to collect solution.
3. Prepare the reaction mixture by mixing the following components in a PCR tube:
7.5 pi Core buffer
15.0 pi Cocktail
2.5 ul DNA sample
25.0 pi total volume
Flick the bottom of PCR tubes and spin to collect the mixture. Overlay the mixture 
with 1 drop of mineral oil.
Stock and final concentrations per 25 pi of reaction mixture:
Components Stock Concentration Final Concentration Vol/Rxn
dNTPs 100 mM 0.8 mM 0.2 pi
NFLjrxn buffer lOx lx  2.5 pi
MgCb 50 mM 2.5 mM 1.25 pi
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5 u/pl 1 u/rxn 0.2 pi
10 pM 0.4 pM 1.0 |il
17.35 pi
2 ng/pl____________5 ng/pl__________2.5 pi
DNA amplification
1. Place PCR tubes in a thermal cycler. Amplify using the following temperature 
profile:
Temperature (°C) Time No. of cycles
94 2  min 1
94 30 sec
35 1 min 40
72 2  min





Hold tem perature: 25 °C
Note: Conditions optimized for Hybaid OmniGene thermalcycler.
2. After amplification remove the PCR tubes from the thermal cycler. Add 3 pi of 
lOx loading buffer to each tube. Mix by flicking the bottom of the tube and spin to collect 
the mixture. The mixture is now ready for loading in the agarose gel.
Electrophoresis
1. Get a gel mold and seal both edges with 1” masking tape. Place in a level platform 
and attach combs.
2. Prepare 1.4% agarose by weighing 3.5 g agarose. Transfer this to a 500 ml flask 
and add 250 ml 0.5x TBE buffer.
3. Boil for 6  min in a microwave. Allow the solution to cool to 60 °C.
4. Pour agarose unto the gel mold and allow to solidify.
5. Fill the electrode tank with 0.5x TBE buffer.
6 . Remove masking tape from both ends of the gel mold. Mount the gel mold on to
the electrode tank making sure no bubbles form beneath the mold.
7. Gently remove the comb.
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8. Load 10 p.1 of 1 Kb DNA ladder on the first well and 10 jj.1 of each reaction 
mixture in the succeeding wells making sure no oil is pipetted out with the 
mixture. A gel can accommodate 54 samples in 2 comb positions.
9. Close tank and attach electrode wires to the power supply. Run for 3 h at 160 V.
Staining and documentation
1. After electrophoresis, switch off the power supply and remove the tank cover.
2. Remove the gel from the molder and transfer in a tray with EtBr staining solution 
in a 1000 ml H2 O. Stain for 20 min. EtBr staining solution can be reused but 
staining time should be for an hour.
3. After staining rinse with dt^O .
4. Photograph the gel under UV light.
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N Percent N Percent N Percent
similarity * regionfrom ’ 
regionto * sitefrom * siteto 301007 100.0% 0 .0% 301007 100.0%
Case Summaries
similarity
regionfrom regionto sitefrom siteto N Mean
Std. Error 
of Mean
Center Center Cb CD 2450 .8410 .00043
GC 1000 .8271 .00056
LBL 2350 .8217 .00050
Total 5800 .8308 .00031
GC CD 1000 .8271 .00056
GC 380 .8440 .00119
LBL 940 .8195 .00074
Total 2320 .8268 .00047
LB CD 2350 .8217 .00050
GC 940 .8195 .00074
LBL 2209 .8301 .00079
Total 5499 .8247 .00041
Total CD 5800 .8308 .00031
GC 2320 .8268 .00047
LBL 5499 .8247 .00041
Total 13619 .8276 .00023
North CD DM 1600 .8218 .00050
DS 1150 .8081 .00067
PIG 2200 .8097 .00058
PP 2450 .8107 .00060
Total 7400 .8124 .00031
GC DM 640 .8184 .00077
DS 460 .8052 .00093
PIG 880 .8046 .00086
PP 980 .8087 .00088
Total 2960 .8090 .00046
LB DM 1504 .8127 .00066
DS 1081 .8011 .00079
PIG 2068 .7998 .00070
PP 2303 .8029 .00069
Total 6956 .8038 .00037
Total DM 3744 .8176 .00037
DS 2691 .8048 .00046
PIG 5148 .8048 .00041
PP 5733 .8072 .00041
Total 17316 .8084 .00021
South CD NAT 1050 .8329 .00059
PDT 2150 .8235 .00053
TR 1900 .8376 .00045
Total 5100 .8307 .00032
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Case Summaries
similarity
regionfrom regionto sitefrom siteto N Mean
Std. Error 
of Mean
Center South GC NIST.. 420 .8314 .00087
PDT 860 .8193 .00075
TR 760 .8303 .00063
Total 2040 .8259 .00045
LB NAT 987 .8238 .00076
PDT 2021 .8118 .00064
TR 1786 .8254 .00061
Total 4794 .8194 .00040
Total NAT 2457 .8290 .00043
PDT 5031 .8181 .00037
TR 4446 .8315 .00034
Total 11934 .8253 .00023
West CD ML 2700 .8138 .00037
PL 2500 .8377 .00043
TC 3900 .8162 .00037
Total 9100 .8214 .00025
GC ML 1080 .8123 .00057
PL 1000 .8336 .00061
TC 1560 .8154 .00053
Total 3640 .8195 .00036
LB ML 2538 .8056 .00048
PL 2350 .8313 .00055
TC 3666 .8102 .00045
Total 8554 .8146 .00030
Total ML 6318 .8102 .00027
PL 5850 .8344 .00031
TC 9126 .8136 .00026
Total 21294 .8183 .00018
Total CD CD 2450 .8410 .00043
DM 1600 .8218 .00050
DS 1150 .8081 .00067
GC 1000 .8271 .00056
LBL 2350 .8217 .00050
ML 2700 .8138 .00037
NAT 1050 .8329 .00059
PDT 2150 .8235 .00053
PIG 2200 .8097 .00058
PL 2500 .8377 .00043
PP 2450 .8107 .00060
TC 3900 .8162 .00037
TR 1900 .8376 .00045
Total 27400 .8227 .00015
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similarity
Case Summaries
regionfrom regionto sitefrom siteto N Mean
Stjd. Error 
of Mean
Center Total GC c b 1000 .8271 .00056
DM 640 .8184 .00077
DS 460 .8052 .00093
GC 380 .8440 .00119
LBL 940 .8195 .00074
ML 1080 .8123 .00057
NAT 420 .8314 .00087
PDT 860 .8193 .00075
PIG 880 .8046 .00086
PL 1000 .8336 .00061
PP 980 .8087 .00088
TC 1560 .8154 .00053
TR 760 .8303 .00063
Total 10960 .8194 .00023
LB CD 2350 .8217 .00050
DM 1504 .8127 .00066
DS 1081 .8011 .00079
GC 940 .8195 .00074
LBL 2209 .8301 .00079
ML 2538 .8056 .00048
NAT 987 .8238 .00076
PDT 2021 .8118 .00064
PIG 2068 .7998 .00070
PL 2350 .8313 .00055
PP 2303 .8029 .00069
TC 3666 .8102 .00045
TR 1786 .8254 .00061
Total 25803 .8147 .00019
Total CD 5800 .8308 .00031
DM 3744 .8176 .00037
DS 2691 .8048 .00046
GC 2320 .8268 .00047
LBL 5499 .8247 .00041
ML 6318 .8102 .00027
NAT 2457 .8290 .00043
PDT 5031 .8181 .00037
PIG 5148 .8048 .00041
PL 5850 8344 .00031
PP 5733 .8072 .00041
TC 9126 .8136 .00026
TR 4446 .8315 .00034
Total 64163 .8189 .00011
North Center DM CD 1600 .8218 .00050
GC 640 .8184 .00077
LBL 1504 .8127 .00066
Total 3744 .8176 .00037
DS CD 1150 .8081 .00067
GC 460 .8052 .00093
LBL 1081 .8011 .00079
Total 2691 .8048 .00046
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similarity
Case Summaries
reglonfrom regionto sitefrom siteto N Mean
Std. Error 
of Mean
North Center ..pr—  ■ CD 2200 .8097 .00058
GC 880 .8046 .00086
LBL 2068 .7998 .00070
Total 5148 .8048 .00041
pp CD 2450 .8107 .00060
GC 980 .8087 .00088
LBL 2303 .8029 .00069
Total 5733 .8072 .00041
Total CD 7400 .8124 .00031
GC 2960 .8090 .00046
LBL 6956 .8038 .00037
Total 17316 .8084 .00021
North DM DM 992 .8233 .00079
DS 736 .8011 .00087
PIG 1408 .8017 .00072
PP 1568 .8022 .00075
Total 4704 .8063 .00041
DS DM 736 .8011 .00087
DS 506 .8135 .00122
PIG 1012 .7930 .00091
PP 1127 .7942 .00089
Total 3381 .7982 .00049
PI DM 1408 .8017 .00072
DS 1012 .7930 .00091
PIG 1936 .8092 .00098
PP 2156 .7894 .00076
Total 6512 .7985 .00045
PP DM 1568 .8022 .00075
DS 1127 .7942 .00089
PIG 2156 .7894 .00076
PP 2352 .8039 .00079
Total 7203 .7977 .00041
Total DM 4704 .8063 .00041
DS 3381 .7982 .00049
PIG 6512 .7985 .00045
PP 7203 .7977 .00041
Total 21800 .7999 .00023
South DM NAT 672 .8221 .00084
PDT 1376 .8114 .00070
TR 1216 .8254 .00059
Total 3264 .8188 .00042
DS NAT 483 .8139 .00094
PDT 989 .7996 .00081
TR 874 .8129 .00080
Total 2346 .8075 .00051
PI NAT 924 .8084 .00092
PDT 1892 .8001 .00071
TR 1672 .8154 .00069
Total 4488 .8075 .00045
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Case Summaries
similarity
regionfnom regionto sitefnom siteto N Mean
Std. Error 
of Mean
North South ..PP"........ ..fro — 1029 .8135 .00090
PDT 2107 .8008 .00070
TR 1862 .8153 .00071
Total 4998 .8088 .00045
Total NAT 3108 .8139 .00048
PDT 6364 .8027 .00037
TR 5624 .8171 .00036
Total 15096 .8104 .00024
West DM ML 1728 .8055 .00053
PL 1600 .8273 .00056
TC 2496 .8085 .00048
Total 5824 .8128 .00032
DS ML 1242 .7954 .00062
PL 1150 .8167 .00072
TC 1794 .7977 .00059
Total 4186 .8022 .00040
PI ML 2376 .7946 .00058
PL 2200 .8178 .00061
TC 3432 .7936 .00051
Total 8008 .8006 .00035
PP ML 2646 .7935 .00057
PL 2450 .8184 .00063
TC 3822 .7971 .00049
Total 8918 .8019 .00034
Total ML 7992 .7967 .00030
PL 7400 .8199 .00033
TC 11544 .7986 .00027
Total 26936 .8039 .00018
Total DM CD 1600 .8218 .00050
DM 992 .8233 .00079
DS 736 .8011 .00087
GC 640 .8184 .00077
LBL 1504 .8127 .00066
ML 1728 .8055 .00053
NAT 672 .8221 .00084
PDT 1376 .8114 .00070
PIG 1408 .8017 .00072
PL 1600 .8273 .00056
PP 1568 .8022 .00075
TC 2496 .8085 .00048
TR 1216 .8254 .00059
Total 17536 .8132 .00019
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Case Summaries
similarity
reqionfrom regionto sitefrom siteto N Mean
Std. Error 
of Mean
North i otal US CD 1150 .8081 .00067
DM 736 .8011 .00087
DS 506 .8135 .00122
GC 460 .8052 .00093
LBL 1081 .8011 .00079
ML 1242 .7954 .00062
NAT 483 .8139 .00094
PDT 989 .7996 .00081
PIG 1012 .7930 .00091
PL 1150 .8167 .00072
PP 1127 .7942 .00089
TC 1794 .7977 .00059
TR 874 .8129 .00080
Total 12604 .8027 .00023
PI CD 2200 .8097 .00058
DM 1408 .8017 .00072
DS 1012 .7930 .00091
GC 880 .8046 .00086
LBL 2068 .7998 .00070
ML 2376 .7946 .00058
NAT 924 .8084 .00092
PDT 1892 .8001 .00071
PIG 1936 .8092 .00098
PL 2200 .8178 .00061
PP 2156 .7894 .00076
TC 3432 .7936 .00051
TR 1672 .8154 .00069
Total 24156 .8022 .00021
PP CD 2450 .8107 .00060
DM 1568 .8022 .00075
DS 1127 .7942 .00089
GC 980 .8087 .00088
LBL 2303 .8029 .00069
ML 2646 .7935 .00057
NAT 1029 .8135 .00090
PDT 2107 .8008 .00070
PIG 2156 .7894 .00076
PL 2450 .8184 .00063
PP 2352 .8039 .00079
TC 3822 .7971 .00049
TR 1862 .8153 .00071
Total 26852 .8032 .00020
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Case Summaries
regionfrom regionto sitefrom siteto N Mean
Std. Error 
of Mean
North Total Total c b 7400 .8124 .00031
DM 4704 .8063 .00041
DS 3381 .7982 .00049
GC 2960 .8090 .00046
LBL 6956 .8038 .00037
ML 7992 .7967 .00030
NAT 3108 .8139 .00048
PDT 6364 .8027 .00037
PIG 6512 .7985 .00045
PL 7400 .8199 .00033
PP 7203 .7977 .00041
TC 11544 .7986 .00027
TR 5624 .8171 .00036
Total 81148 .8050 .00011
South Center NA CD 1050 .8329 .00059
GC 420 .8314 .00087
LBL 987 .8238 .00076
Total 2457 .8290 .00043
PD CD 2150 .8235 .00053
GC 860 .8193 .00075
LBL 2021 .8118 .00064
Total 5031 .8181 .00037
TR CD 1900 .8376 .00045
GC 760 .8303 .00063
LBL 1786 .8254 .00061
Total 4446 .8315 .00034
Total CD 5100 .8307 .00032
GC 2040 .8259 .00045
LBL 4794 .8194 .00040
Total 11934 .8253 .00023
North NA DM 672 .8221 .00084
DS 483 .8139 .00094
PIG 924 .8084 .00092
PP 1029 .8135 .00090
Total 3108 .8139 .00048
PD DM 1376 .8114 .00070
DS 989 .7996 .00081
PIG 1892 .8001 .00071
PP 2107 .8008 .00070
Total 6364 .8027 .00037
TR DM 1216 .8254 .00059
DS 874 .8129 .00080
PIG 1672 .8154 .00069
PP 1862 .8153 .00071
Total 5624 .8171 .00036
Total DM 3264 .8188 .00042
DS 2346 .8075 .00051
PIG 4488 .8075 .00045
PP 4998 .8088 .00045
Total 15096 .8104 .00024
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Case Summaries
regionfrom regionto sitefrom siteto N Mean
Std. Error 
of Mean
South South NA ..NAT— 441 .8538 .00187
PDT 903 .8252 .00080
TR 798 .8364 .00070
Total 2142 .8353 .00062
PD NAT 903 .8252 .00080
PDT 1849 .8246 .00086
TR 1634 .8270 .00062
Total 4386 .8256 .00046
TR NAT 798 .8364 .00070
PDT 1634 .8270 .00062
TR 1406 .8508 .00054
Total 3838 .8377 .00040
Total NAT 2142 .8353 .00062
PDT 4386 .8256 .00046
TR 3838 .8377 .00040
Total 10366 .8321 .00028
West NA ML 1134 .8173 .00057
PL 1050 .8385 .00063
TC 1638 .8196 .00056
Total 3822 .8241 .00037
PD ML 2322 .8062 .00049
PL 2150 .8282 .00056
TC 3354 .8053 .00047
Total 7826 .8119 .00031
TR ML 2052 .8194 .00045
PL 1900 .8465 .00051
TC 2964 .8213 .00044
Total 6916 .8276 .00030
Total ML 5508 .8134 .00030
PL 5100 .8371 .00035
TC 7956 .8142 .00029
Total 18564 .8203 .00020
Total NA CD 1050 .8329 .00059
DM 672 .8221 .00084
DS 483 .8139 .00094
GC 420 .8314 .00087
LBL 987 .8238 .00076
ML 1134 .8173 .00057
NAT 441 .8538 .00187
PDT 903 .8252 .00080
PIG 924 .8084 .00092
PL 1050 .8385 .00063
PP 1029 .8135 .00090
TC 1638 .8196 .00056
TR 798 .8364 .00070
Total 11529 .8245 .00024
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South Total PD CD 2150 .8235 .00053
DM 1376 .8114 .00070
DS 989 .7996 .00081
GC 860 .8193 .00075
LBL 2021 .8118 .00064
ML 2322 .8062 .00049
NAT 903 .8252 .00080
PDT 1849 .8246 .00086
PIG 1892 .8001 .00071
PL 2150 .8282 .00056
PP 2107 .8008 .00070
TC 3354 .8053 .00047
TR 1634 .8270 .00062
Total 23607 .8133 .00019
TR CD 1900 .8376 .00045
DM 1216 .8254 .00059
DS 874 .8129 .00080
GC 760 .8303 .00063
LBL 1786 .8254 .00061
ML 2052 .8194 .00045
NAT 798 .8364 .00070
PDT 1634 .8270 .00062
PIG 1672 .8154 .00069
PL 1900 .8465 .00051
PP 1862 .8153 .00071
TC 2964 .8213 .00044
TR 1406 .8508 .00054
Total 20824 .8275 .00018
Total CD 5100 .8307 .00032
DM 3264 .8188 .00042
DS 2346 .8075 .00051
GC 2040 .8259 .00045
LBL 4794 .8194 .00040
ML 5508 .8134 .00030
NAT 2142 .8353 .00062
PDT 4386 .8256 .00046
PIG 4488 .8075 .00045
PL 5100 .8371 .00035
PP 4998 .8088 .00045
TC 7956 .8142 .00029
TR 3838 .8377 .00040
Total 55960 .8209 .00012
West Center ML CD 2700 .8138 .00037
GC 1080 .8123 .00057
LBL 2538 .8056 .00048
Total 6318 .8102 .00027
PL CD 2500 .8377 .00043
GC 1000 .8336 .00061
LBL 2350 .8313 .00055
Total 5850 .8344 .00031
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West Center TC CD 3900 .8162 .00037
GC 1560 .8154 .00053
LBL 3666 .8102 .00045
Total 9126 .8136 .00026
Total CD 9100 .8214 .00025
GC 3640 .8195 .00036
LBL 8554 .8146 .00030
Total 21294 .8183 .00018
North ML DM 1728 .8055 .00053
DS 1242 .7954 .00062
PIG 2376 .7946 .00058
PP 2646 .7935 .00057
Total 7992 .7967 .00030
PL DM 1600 .8273 .00056
DS 1150 .8167 .00072
PIG 2200 .8178 .00061
PP 2450 .8184 .00063
Total 7400 .8199 .00033
TC DM 2496 .8085 .00048
DS 1794 .7977 .00059
PIG 3432 .7936 .00051
PP 3822 .7971 .00049
Total 11544 .7986 .00027
Total DM 5824 .8128 .00032
DS 4186 .8022 .00040
PIG 8008 .8006 .00035
PP 8918 .8019 .00034
Total 26936 .8039 .00018
South ML NAT 1134 .8173 .00057
PDT 2322 .8062 .00049
TR 2052 .8194 .00045
Total 5508 .8134 .00030
PL NAT 1050 .8385 .00063
PDT 2150 .8282 .00056
TR 1900 .8465 .00051
Total 5100 .8371 .00035
TC NAT 1638 .8196 .00056
PDT 3354 .8053 .00047
TR 2964 .8213 .00044
Total 7956 .8142 .00029
Total NAT 3822 .8241 .00037
PDT 7826 .8119 .00031
TR 6916 .8276 .00030
Total 18564 .8203 .00020
West ML ML 2862 .8181 .00043
PL 2700 .8219 .00041
TC 4212 .8024 .00036
Total 9774 .8124 .00025
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West West PL ML 2700 .8219 .00041
PL 2450 .8556 .00051
TC 3900 .8234 .00040
Total 9050 .8316 .00030
TC ML 4212 .8024 .00036
PL 3900 .8234 .00040
TC 6006 .8150 .00033
Total 14118 .8136 .00022
Total ML 9774 .8124 .00025
PL 9050 .8316 .00030
TC 14118 .8136 .00022
Total 32942 .8182 .00015
Total ML CD 2700 .8138 .00037
DM 1728 .8055 .00053
DS 1242 .7954 .00062
GC 1080 .8123 .00057
LBL 2538 .8056 .00048
ML 2862 .8181 .00043
NAT 1134 .8173 .00057
PDT 2322 .8062 .00049
PIG 2376 .7946 .00058
PL 2700 .8219 .00041
PP 2646 .7935 .00057
TC 4212 .8024 .00036
TR 2052 .8194 .00045
Total 29592 .8079 .00015
PL CD 2500 .8377 .00043
DM 1600 .8273 .00056
DS 1150 .8167 .00072
GC 1000 .8336 .00061
LBL 2350 .8313 .00055
ML 2700 .8219 .00041
NAT 1050 .8385 .00063
PDT 2150 .8282 .00056
PIG 2200 .8178 .00061
PL 2450 .8556 .00051
PP 2450 .8184 .00063
TC 3900 .8234 .00040
TR 1900 .8465 .00051
Total 27400 .8301 .00017
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West Totai TC cd 3900 .8162 .00037
DM 2496 .8085 .00048
DS 1794 .7977 .00059
GC 1560 .8154 .00053
LBL 3666 .8102 .00045
ML 4212 .8024 .00036
NAT 1638 .8196 .00056
PDT 3354 .8053 .00047
PIG 3432 .7936 .00051
PL 3900 .8234 .00040
PP 3822 .7971 .00049
TC 6006 .8150 .00033
TR 2964 .8213 .00044
Total 42744 .8097 .00013
Total CD 9100 .8214 .00025
DM 5824 .8128 .00032
DS 4186 .8022 .00040
GC 3640 .8195 .00036
LBL 8554 .8146 .00030
ML 9774 .8124 .00025
NAT 3822 .8241 .00037
PDT 7826 .8119 .00031
PIG 8008 .8006 .00035
PL 9050 .8316 .00030
PP 8918 .8019 .00034
TC 14118 .8136 .00022
TR 6916 .8276 .00030
Total 99736 .8147 .00009
Total Center CD CD 2450 .8410 .00043
GC 1000 .8271 .00056
LBL 2350 .8217 .00050
Total 5800 .8308 .00031
DM CD 1600 .8218 .00050
GC 640 .8184 .00077
LBL 1504 .8127 .00066
Total 3744 .8176 .00037
DS CD 1150 .8081 .00067
GC 460 .8052 .00093
LBL 1081 .8011 .00079
Total 2691 .8048 .00046
GC CD 1000 .8271 .00056
GC 380 .8440 .00119
LBL 940 .8195 .00074
Total 2320 .8268 .00047
LB CD 2350 .8217 .00050
GC 940 .8195 .00074
LBL 2209 .8301 .00079
Total 5499 .8247 .00041
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Total Center '"ML Cb 2700 .8138 .00037
GC 1080 .8123 .00057
LBL 2538 .8056 .00048
Total 6318 .8102 .00027
NA CD 1050 .8329 .00059
GC 420 .8314 .00087
LBL 987 .8238 .00076
Total 2457 .8290 .00043
PD CD 2150 .8235 .00053
GC 860 .8193 .00075
LBL 2021 .8118 .00064
Total 5031 .8181 .00037
PI CD 2200 .8097 .00058
GC 880 .8046 .00086
LBL 2068 .7998 .00070
Total 5148 .8048 .00041
PL CD 2500 .8377 .00043
GC 1000 .8336 .00061
LBL 2350 .8313 .00055
Total 5850 .8344 .00031
PP CD 2450 .8107 .00060
GC 980 .8087 .00088
LBL 2303 .8029 .00069
Total 5733 .8072 .00041
TC CD 3900 .8162 .00037
GC 1560 .8154 .00053
LBL 3666 .8102 .00045
Total 9126 .8136 .00026
TR CD 1900 .8376 .00045
GC 760 .8303 .00063
LBL 1786 .8254 .00061
Total 4446 .8315 .00034
Total CD 27400 .8227 .00015
GC 10960 .8194 .00023
LBL 25803 .8147 .00019
Total 64163 .8189 .00011
North CD DM 1600 .8218 .00050
DS 1150 .8081 .00067
PIG 2200 .8097 .00058
PP 2450 .8107 .00060
Total 7400 .8124 .00031
DM DM 992 .8233 .00079
DS 736 .8011 .00087
PIG 1408 .8017 .00072
PP 1568 .8022 .00075
Total 4704 .8063 .00041
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total Worth DS DM 736 .8011 .00087
DS 606 .8135 .00122
PIG 1012 .7930 .00091
PP 1127 .7942 .00089
Total 3381 .7982 .00049
GC DM 640 .8184 .00077
DS 460 .8052 .00093
PIG 880 .8046 .00086
PP 980 .8087 .00088
Total 2960 .8090 .00046
LB DM 1504 .8127 .00066
DS 1081 .8011 .00079
PIG 2068 .7998 .00070
PP 2303 .8029 .00069
Total 6956 .8038 .00037
ML DM 1728 .8055 .00053
DS 1242 .7954 .00062
PIG 2376 .7946 .00058
PP 2646 .7935 .00057
Total 7992 .7967 .00030
NA DM 672 .8221 .00084
DS 483 .8139 .00094
PIG 924 .8084 .00092
PP 1029 .8135 .00090
Total 3108 .8139 .00048
PD DM 1376 .8114 .00070
DS 989 .7996 .00081
PIG 1892 .8001 .00071
PP 2107 .8008 .00070
Total 6364 .8027 .00037
PI DM 1408 .8017 .00072
DS 1012 .7930 .00091
PIG 1936 .8092 .00098
PP 2156 .7894 .00076
Total 6512 .7985 .00045
PL DM 1600 .8273 .00056
DS 1150 .8167 .00072
PIG 2200 .8178 .00061
PP 2450 .8184 .00063
Total 7400 .8199 .00033
PP DM 1568 .8022 .00075
DS 1127 .7942 .00089
PIG 2156 .7894 .00076
PP 2352 .8039 .00079
Total 7203 .7977 .00041
TC DM 2496 .8085 .00048
DS 1794 .7977 .00059
PIG 3432 .7936 .00051
PP 3822 .7971 .00049
Total 11544 .7986 .00027
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Total North ..DM' ' 1216 .8254 .00059
DS 874 .8129 .00080
PIG 1672 .8154 .00069
PP 1862 .8153 .00071
Total 5624 .8171 .00036
Total DM 17536 .8132 .00019
DS 12604 .8027 .00023
PIG 24156 .8022 .00021
PP 26852 .8032 .00020
Total 81148 .8050 .00011
South CD NAT 1050 .8329 .00059
PDT 2150 .8235 .00053
TR 1900 .8376 .00045
Total 5100 .8307 .00032
DM NAT 672 .8221 .00084
PDT 1376 .8114 .00070
TR 1216 .8254 .00059
Total 3264 .8188 .00042
DS NAT 483 .8139 .00094
PDT 989 .7996 .00081
TR 874 .8129 .00080
Total 2346 .8075 .00051
GC NAT 420 .8314 .00087
PDT 860 .8193 .00075
TR 760 .8303 .00063
Total 2040 .8259 .00045
LB NAT 987 .8238 .00076
PDT 2021 .8118 .00064
TR 1786 .8254 .00061
Total 4794 .8194 .00040
ML NAT 1134 .8173 .00057
PDT 2322 .8062 .00049
TR 2052 .8194 .00045
Total 5508 .8134 .00030
NA NAT 441 .8538 .00187
PDT 903 .8252 .00080
TR 798 .8364 .00070
Total 2142 .8353 .00062
PD NAT 903 .8252 .00080
PDT 1849 .8246 .00086
TR 1634 .8270 .00062
Total 4386 .8256 .00046
PI NAT 924 .8084 .00092
PDT 1892 .8001 .00071
TR 1672 .8154 .00069
Total 4488 .8075 .00045
PL NAT 1050 .8385 .00063
PDT 2150 .8282 .00056
TR 1900 .8465 .00051
Total 5100 .8371 .00035
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Total South '"PP......... NAT 1029 .8135 .00090
PDT 2107 .8008 .00070
TR 1862 .8153 .00071
Total 4998 .8088 .00045
TC NAT 1638 .8196 .00056
PDT 3354 .8053 .00047
TR 2964 .8213 .00044
Total 7956 .8142 .00029
TR NAT 798 .8364 .00070
PDT 1634 .8270 .00062
TR 1406 .8508 .00054
Total 3838 .8377 .00040
Total NAT 11529 .8245 .00024
PDT 23607 .8133 .00019
TR 20824 .8275 .00018
Total 55960 .8209 .00012
West CD ML 2700 .8138 .00037
PL 2500 .8377 .00043
TC 3900 .8162 .00037
Total 9100 .8214 .00025
DM ML 1728 .8055 .00053
PL 1600 .8273 .00056
TC 2496 .8085 .00048
Total 5824 .8128 .00032
DS ML 1242 .7954 .00062
PL 1150 .8167 .00072
TC 1794 .7977 .00059
Total 4186 .8022 .00040
GC ML 1080 .8123 .00057
PL 1000 .8336 .00061
TC 1560 .8154 .00053
Total 3640 .8195 .00036
LB ML 2538 .8056 .00048
PL 2350 .8313 .00055
TC 3666 .8102 .00045
Total 8554 .8146 .00030
ML ML 2862 .8181 .00043
PL 2700 .8219 .00041
TC 4212 .8024 .00036
Total 9774 .8124 .00025
NA ML 1134 .8173 .00057
PL 1050 .8385 .00063
TC 1638 .8196 .00056
Total 3822 .8241 .00037
PD ML 2322 .8062 .00049
PL 2150 .8282 .00056
TC 3354 .8053 .00047
Total 7826 .8119 .00031
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Total West PI ML 2376 .7946 .00058
PL 2200 .8178 .00061
TC 3432 .7936 .00051
Total 8008 .8006 .00035
PL ML 2700 .8219 .00041
PL 2450 .8556 .00051
TC 3900 .8234 .00040
Total 9050 .8316 .00030
PP ML 2646 .7935 .00057
PL 2450 .8184 .00063
TC 3822 .7971 .00049
Total 8918 .8019 .00034
TC ML 4212 .8024 .00036
PL 3900 .8234 .60040
TC 6006 .8150 .00033
Total 14118 .8136 .00022
TR ML 2052 .8194 .00045
PL 1900 .8465 .00051
TC 2964 .8213 .00044
Total 6916 .8276 .00030
Total ML 29592 .8079 .00015
PL 27400 .8301 .00017
TC 42744 .8097 .00013
Total 99736 .8147 .00009
Total CD CD 2450 .8410 .00043
DM 1600 .8218 .00050
DS 1150 .8081 .00067
GC 1000 .8271 .00056
LBL 2350 .8217 .00050
ML 2700 .8138 .00037
NAT 1050 .8329 .00059
PDT 2150 .8235 .00053
PIG 2200 .8097 .00058
PL 2500 .8377 .00043
PP 2450 .8107 .00060
TC 3900 .8162 .00037
TR 1900 .8376 .00045
Total 27400 .8227 .00015
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Total Total DM CD 1600 .8218 .00050
DM 992 .8233 .00079
DS 736 .8011 .00087
GC 640 .8184 .00077
LBL 1504 .8127 .00066
ML 1728 .8055 .00053
NAT 672 .8221 .00084
PDT 1376 .8114 .00070
PIG 1408 .8017 .00072
PL 1600 .8273 .00056
PP 1568 .8022 .00075
TC 2496 .8085 .00048
TR 1216 .8254 .00059
Total 17536 .8132 .00019
DS CD 1150 .8081 .00067
DM 736 .8011 .00087
DS 506 .8135 .00122
GC 460 .8052 .00093
LBL 1081 .8011 .00079
ML 1242 .7954 .00062
NAT 483 .8139 .00094
PDT 989 .7996 .00081
PIG 1012 .7930 .00091
PL 1150 .8167 .00072
PP 1127 .7942 .00089
TC 1794 .7977 .00059
TR 874 .8129 .00080
Total 12604 .8027 .00023
GC CD 1000 .8271 .00056
DM 640 .8184 .00077
DS 460 .8052 .00093
GC 380 .8440 .00119
LBL 940 .8195 .00074
ML 1080 .8123 .00057
NAT 420 .8314 .00087
PDT 860 .8193 .00075
PIG 880 .8046 .00086
PL 1000 .8336 .00061
PP 980 .8087 .00088
TC 1560 .8154 .00053
TR 760 .8303 .00063
Total 10960 .8194 .00023
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Total total LB cb 2350 .8217 .00050
DM 1504 .8127 .00066
DS 1081 .8011 .00079
GC 940 .8195 .00074
LBL 2209 .8301 .00079
ML 2538 .8056 .00048
NAT 987 .8238 .00076
PDT 2021 .8118 .00064
PIG 2068 .7998 .00070
PL 2350 .8313 .00055
PP 2303 .8029 .00069
TC 3666 .8102 .00045
TR 1786 .8254 .00061
Total 25803 .8147 .00019
ML CD 2700 .8138 .00037
DM 1728 .8055 .00053
DS 1242 .7954 .00062
GC 1080 .8123 .00057
LBL 2538 .8056 .00048
ML 2862 .8181 .00043
NAT 1134 .8173 .00057
PDT 2322 .8062 .00049
PIG 2376 .7946 .00058
PL 2700 .8219 .00041
PP 2646 .7935 .00057
TC 4212 .8024 .00036
TR 2052 .8194 .00045
Total 29592 .8079 .00015
NA CD 1050 .8329 .00059
DM 672 .8221 .00084
DS 483 .8139 .00094
GC 420 .8314 .00087
LBL 987 .8238 .00076
ML 1134 .8173 .00057
NAT 441 .8538 .00187
PDT 903 .8252 .00080
PIG 924 .8064 .00092
PL 1050 .8385 .00063
PP 1029 .8135 .00090
TC 1638 .8196 .00056
TR 798 .8364 .00070
Total 11529 .8245 .00024
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Total iotal PD CD 2150 .8235 .00053
DM 1376 .8114 .00070
DS 989 .7996 .00081
GC 860 .8193 .00075
LBL 2021 .8118 .00064
ML 2322 .8062 .00049
NAT 903 .8252 .00080
PDT 1849 .8246 .00086
PIG 1892 .8001 .00071
PL 2150 .8282 .00056
PP 2107 .8008 .00070
TC 3354 .8053 .00047
TR 1634 .8270 .00062
Total 23607 .8133 .00019
PI CD 2200 .8097 .00058
DM 1408 .8017 .00072
DS 1012 .7930 .00091
GC 880 .8046 .00086
LBL 2068 .7998 .00070
ML 2376 .7946 .00058
NAT 924 .8084 .00092
PDT 1892 .8001 .00071
PIG 1936 .8092 .00098
PL 2200 .8178 .00061
PP 2156 .7894 .00076
TC 3432 .7936 .00051
TR 1672 .8154 .00069
Total 24156 .8022 .00021
PL CD 2500 .8377 .00043
DM 1600 .8273 .00056
DS 1150 .8167 .00072
GC 1000 .8336 .00061
LBL 2350 .8313 .00055
ML 2700 .8219 .00041
NAT 1050 .8385 .00063
PDT 2150 .8282 .00056
PIG 2200 .8178 .00061
PL 2450 .8556 .00051
PP 2450 .8184 .00063
TC 3900 .8234 .00040
TR 1900 .8465 .00051
Total 27400 .8301 .00017
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total total cb 2450 .8107 .00060
DM 1568 .8022 .00075
DS 1127 .7942 .00089
GC 980 .8087 .00088
LBL 2303 .8029 .00069
ML 2646 .7935 .00057
NAT 1029 .8135 .00090
PDT 2107 .8008 .00070
PIG 2156 .7894 .00076
PL 2450 .8184 .00063
PP 2352 .8039 .00079
TC 3822 .7971 .00049
TR 1862 .8153 .00071
Total 26852 .8032 .00020
TC CD 3900 .8162 .00037
DM 2496 .8085 .00048
DS 1794 .7977 .00059
GC 1560 .8154 .00053
LBL 3666 .8102 .00045
ML 4212 .8024 .00036
NAT 1638 .8196 .00056
PDT 3354 .8053 .00047
PIG 3432 .7936 .00051
PL 3900 .8234 .00040
PP 3822 .7971 .00049
TC 6006 .8150 .00033
TR 2964 .8213 .00044
Total 42744 .8097 .00013
TR CD 1900 .8376 .00045
DM 1216 .8254 .00059
DS 874 .8129 .00080
GC 760 .8303 .00063
LBL 1786 .8254 .00061
ML 2052 .8194 .00045
NAT 798 .8364 .00070
PDT 1634 .8270 .00062
PIG 1672 .8154 .00069
PL 1900 .8465 .00051
PP 1862 .8153 .00071
TC 2964 .8213 .00044
TR 1406 .8508 .00054
Total 20824 .8275 .00018
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total Total Total CD 27400 .8227 .00015
DM 17536 .8132 .00019
DS 12604 .8027 .00023
GC 10960 .8194 .00023
LBL 25803 .8147 .00019
ML 29592 .8079 .00015
NAT 11529 .8245 .00024
PDT 23607 .8133 .00019
PIG 24156 .8022 .00021
PL 27400 .8301 .00017
PP 26852 .8032 .00020
TC 42744 .8097 .00013
TR 20824 .8275 .00018
Total 301007 .8141 .00005
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Appendix 7 -  Image of run parameters in Phylip
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Appendix 8 -  Tree generated from Phylip showing the similarities between 549 
individuals of Gleditsia triacanthos
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Appendix 9 - Table of comparison of different statistics used to assess genetic diversity in a variety of species
No. Writer Year
published
Title of the research paper Statistics used to evaluate genetic diversity
1. Mateu-Andres, I. & 
Segarra-Moragues, J. G.
2003
Patterns of genetic diversity in 
related taxa of Antirrhinum L. 
assessed using allozymes
Diversity parameters (A, mean no. of alleles per 
locus; P, proportion of polymorphic loci; Ho, 
observed heterozygosity; He, expected 
heterozygosity), Nei’s genetic distances among 
populations within taxa using BIOSYS-1, one-way 
ANOVA test to see if  genetic variability were 
different among taxa, indirect estimate of gene flow: 
Nm=( 1 -Gst)/(4Gst).
2.
Tero, N., Aspi, J., 
Siikamaki, P., 
Jakalaniemi, A. & 
Tuomi, J.
2003
Genetic structure and gene flow 
in a metapopulation of an 
endangered plant species,Silene 
tatarica
Fst values among populations; AMOVA, to test the 
presence of genetic structure on subpopulation and 
regional level, ARLEQUIN used to perform 
AMOVA analysis and to estimate genetic distances 
(Ost) between subpopulation pairs.
3. Keyghobadi, N., Roland, 
J. & Strobeck, C.
2005
Genetic differentiation and gene 
flow among populations of the 
alpine butterfly, Parnassius 
smintheus, vary with landscape 
connectivity
Fst for each region using AMOVA from 
ARLEQIUN; Nei’s standard genetic distance 
between all pairs of sites within regions; IBD 
program to estimate the slope of relationship 
between genetic and geographical distances.
4.
Colautti, R., Manca, M., 
Viljanen, M., Ketelaars, 
H.A.M, Burgi, H., 
Maclsaac, H.J. & Heath, 
D.D.
2005
Invasion genetics of the 
Euroasian spiny waterflea: 
evidence for bottlenecks and 
gene flow using microsatellites
TFPGA software to test for population structure 
among all populations, GENEPOP version 3.4 to 
calculate Ho & He, HWE, Fst & Nei’s standard 
genetic distances; a genetic distance matrix between 
all pairs of populations was calculated using the 


















5. Viginier, B., Peeters, C., 
Brazier, L. & Doums, C.
2004 Very low genetic variability in 
the Indian queenless ant 
Diacamma indicum
Data analyzed using GENEPOP3.3; HWE tested; 
level of genetic differentiation estimated by F- 
statistics.
6. Sheng, Y., Zheng, W., 
Pei, K. & Ma, K.
2005
Genetic variation within and 
among populations of a 
dominant desert tree Haloxylon 
ammodendron (Amaranthaceae) 
in China
Genetic diversity measured as the % of polymorphic 
loci; AMOVA conducted using DCF A 1.1 & 
WINAMOVA 1.55 to calculate variation among and 
within populations; Euclidean squared distances 
(52xy) used in AMOVA: 82xy = X(xi-yi)2; pairwise 
genetic distances (Ost) obtained from AMOVA and 
used to construct a UPGMA tree; Mantel test used to 
test if there is correlation between genetic distances 
and geographic distances.
7. Morjan, C.L. & 
Rieseberg, L.H
2004
How species evolve 
collectively: implications of 
gene flow and selection for the 
spread of advantageous alleles
Calculated Fst, Gst, Nem & Ost which is obtained 
from AMOVA tables from % variation within and 
among subpopulations; Nem= l-Fst/4*Fst.
8. Parisod, C., Trippi, C. & 
Galland, N.
2005
Genetic variability and founder 
effect in the pitcher plant 
Sarracenia purpurea 
(Sarraceniaceae) in populations 
introduced into Switzerland: 
from inbreeding to invasion
Using RAPDFst software calculated 0st (analogues 
o f Fst-fixation index); relationship found between 
geographical distance and genetic distance based on 
Jaccard index.
9. Izquierdo, L.Y & Pinero, 
D.
2000
High genetic diversity in the 
only known population of 
Aechmea tuitensis 
(Bromeliaceae)
Genetic diversity estimated within and between 


















10. Fischer, M., Husi, R., 
Prati, D., Peintinger, M., 
van Kleunen, M. & 
Schmid, B.
2000 RAPD variation among and 
within small and large 
populations of the rare clonal 
plant Ranunculus reptans 
(Ranunculaceae)
AMOVA used to calculate genetic variation between 
plants from the two regions, among populations 
within regions and within populations (%& P).
11. Matolweni, L.O., 
Balkwill, K. & 
McLellan, T.
2000
Genetic diversity and gene flow 
in the morphologically variable, 
rare endemics Begonia dregei & 
Begonia homonyma 
(Begoniaceae)
Analysis of allozyme variation within populations: 
calculated P-percentage of polymorphic loci, A- 
number of alleles per locus, He & Ho; Analysis of 
allozyme variation among populations: calculated 
Wright’s F statistics using FSTAT program; Cluster 
analysis and genetic divergence among populations: 
calculated Nei’s genetic distance; dendrograms 
constructed using UPGMA; Mantel test compared 
the relationship between distances among 
populations and levels of genetic differentiation.
12.
Huang, J.C., Wang, 
W.K., Hong, K.H. & 
Chiang, T.Y.
2001
Population differentiation and 
phylogeography of Hydrophila 
pogonocalyx based on RAPDs 
fingerprints
Estimated differentiation between geographical 
regions, among populations and among populations 
within regions (calculated Osc & P) using AMOVA 
analyses.
13. Camacho, F. & Liston, 
A.
2001 Population structure and genetic 
diversity of Botrychium 
pumicola (Ophioglossaceae) 
based on inter-simple sequence 
repeats (ISSR)
Percentage of polymorphic loci, allele frequencies, 
Nei’s genetic diversity, measures f  population 
differentiation, and Shannon’s index of phenotypic 
diversity were computed with POPGENE 1.20. Also 
a Mantel test conducted for the correlation between 



















14. Gaudeul, M., Taberlet, P. 
& Till-Bottraud, I.
2000
Genetic diversity in an 
endangered alpine plant, 
Eryngium alpinum L. 
(Apiaceae), inferred from 
amplified fragment length 
polymorphism markers
Genetic diversity within populations quantified in 
three ways: 1. the % of within-population 
polymorphic loci out of all the polymorphic loci; 2. 
Nei’s unbiased expected heterozygosity He= (1- 
Epi2)x 2n/(2n-1), where n -  the number of 
individuals and pi- the allelic frequencies; 3. 
Shannon index of phenotypic diversity Hs= - 
Lpilog2pi, pi denotes allele or band frequencies at a 
given locus; F-statistics computed by Tools for 
Population Genetic Analysis TFPGA; AMOVA 
carried out with ARLEQUIN; Mantel test performed 
using TFPGA.
15. Neel, M.N. & Ellstrand, 
N.C.
2003
Conservation of genetic 
diversity in the endangered 
plant Eriogonum ovalifolium 
var. vineum (Polygonaceae)
To measure patterns of diversity: total number of 
alleles(TA), proportion of polymorphic loci(P), 
number o f alleles per polymorphic locus (Ap), He & 
Ho calculated using Genetic Data Analysis (GDA); 
0p -  the proportion of genetic differentiation among 
populations; 0s -  the proportion of total genetic 
variation partitioned among sites; Nei’s unbiased 
genetic distance computed for all pairwise 
combinations of populations; Mantel test;
16. Cruse-Sanders, J.M. & 
Hamrick, J.L.
2004
Genetic diversity in harvested 
and protected populations of 
wild American ginseng, Panax 
quinquefolius L. (Araliaceae)
Genetic diversity parameters estimated using 
POPGENE: % of polymorphic loci P, mean numbers 
of alleles per locus A and per polymorphic locus AP, 
effective number of alleles per locus Ae, He & Ho; 
interpop. genetic structure: Nei’s genetic diversity 
statistic (Gst) show the proportion of genetic 
variation among populations at polymorphic loci; 
Mantel test Fst/(1-Fst) and log geographic distance 
for each population pair; estimated number of 


















17. Verma, A., Kumar, N. & 
Ranade, A.
2004
Genetic diversity amongst 
landraces of a dioecious 
vegetatively propagated plant, 
betelvine (Piper betle L.)
Jacard distances among pairs calculated using 
FreeTree program; the mean diversity index (H) for 
each group using POPGENE.
18. Fu, C., Qiu, Y. & Kong, 
H.
2003 RAPD analysis for genetic 
diversity in Changium 
smyrnioides (Apiaceae), an 
endangered plant
RAPD locus diversity calculated with the Shannon- 
Weaver information statistics: Ho= -Epilog2pi, 
which estimates the genetic diversity within and 
among populations of the species.
19. Hille, A., Liebal, K., 
Pellmann, H. & Schlegel, 
M.
2003
An RAPD (Random Amplified 
polymorphic DNA) analysis of 
genetic population structure of 
Balea biplicata (Gastropoda: 
Clausiliidae) in fragmented 
floodplain forests of the 
Elster/Saale riparian system
RAPDFST, RAPDPLOT, RAPDLD, RAPDBIOS, 
BIOSYS-1) used for population genetic analyses. Fst 
= l/(4Nem + 1) to estimate the number of 
migrants/generation among subpopulations; the 
genetic relationship between the populations were 
estimated by the REML (restricted maximum 
likelihood) method implemented in the module 
CONTML of the PHYLIP 3.75c package.
20. Zeng, J., Zou, Y., Bai, J 
& Zheng, H.
2003
RAPD analysis of genetic 
variation in natural populations 
of Betula alnoides from 
Guangxi, China
Shannon’s phenotypic diversity index calculated for 
each primer: Ho=- Epilog2pi, where Pi is the 
frequency of the ith RAPD band. The among- and 
within-population diversity components were 
calculated as (Hsp -  Hpop)/Hsp and Hpop/Hsp, 
Hsp-total diversity detected in all populations, 
Hpop-mean within-population diversity. AMOVA 
used to estimate components of variance partitioning 
into among and within populations and Ost 
statistics. F-statistics (Fis, Fit, Fst) calculated for 
allozymes; Nei’s gene diversity (Hs, Ht, Gst) for 
RAPDs. The number of migrants per generation 



















21. Kwon, J.A. & Morden, 
C.W.
2002
Population genetic structure of 
two rare tree species (Colubrina 
oppositifolia and Alphitonia 
ponderosa, Rhamnaceae) from 
Hawaiian dry and mesic forests 
using random amplified 
polymorphic DNA markers
Expected heterozygosity calculated for each 
population (Hs) and species (Ht) for each locus: 
H=l-(p2+q2). Genetic relationships within and 
among populations estimated using similarity 
coefficients and UPGMA cluster analysis with the 
NTSYS-pc computer program. Shannon’s index 
estimated to find out the distribution of genetic 
variation within and among populations: Ho=- 
Zpilog2pi. AMOVA used to estimate variance 
components and to test the significance of 
partitioning of RAPD variation within and among 
populations.
22. Saito, Y., Shiraishi, S., 
Tanimoto, T., Yin, L., 
Watanabe, S. & Ide, Y.
2002 Genetic diversity of Populus 
euphratica populations in 
northwestern China determined 
by RAPD DNA analysis
Pair-wise comparisons of all individuals were used 
to estimate the genetic distance of Nei & Li, 
D=l/(2Nxy/Nx+Ny), where Nx and Ny are the 
number of fragments present in individuals (x) and 
(y), and Nxy-the number of fragments shared by 
both individuals. Calculations of the genetic distance 
carried out using SPSS software. The genetic 
distances within and between populations were 
calculated as the average of the genetic distances 
between individuals.
23.
Oiki, S., Kawahara, T., 
Inoue, K., Ohara, M. & 
Maki, M.
2001
Random amplified polymorphic 
DNA (RAPD) variation among 
populations of the insular 
endemic plant Campanula 
microdonta (Campanulaceae)
Shannon’s index calculated for each population 
H = -  Epilog2pi. Pairwise Euclidean distances 
between all individuals calculated using 
RAPDistance Package. AMOVA used to calculate 



















24. Hwang, S.Y., Lin, H.W., 
Kuo, Y.S. & Lin, T.P.
2001 RAPD variation in relation to 
population differentiation of 
Chamaecyparis formosensis and 
Chamecyparis taiwanensis
Shannon’s index of phenotypic diversity calculated: 
Ho= -Lpilog2pi; a pairwise matrix of the genetic 
distances between individuals obtained using an 
Euclidean distance measure calculated from 
presence/absence data using RAPD instance. 
Components of variance partitioned into within and 
between populations estimated from this matrix 
using AMOVA version 1.8.
25. Huff, D.R., Peakall, R. & 
Smouse, P.E.
1993
RAPD variation within and 
among natural populations of 
outcrossing buffalograss 
[.Buchloe dactyloides (Nutt) 
engelml
AMOVA technique used to apportion the variation 
among individuals within populations, among 
populations, among populations within regions, and 
among regions.
26. Palacios, C. & Gonzales- 
Candelas, F.
1997
Analysis of population genetic 
structure and variability using 
RAPD markers in the endemic 
and endangered Limonium 
dufourii (Plumbaginaceae)
Distance matrices compared with the Euclidean 
metric using DIPLOMO, this distance was further 
chosen for AMOVA analyses. F-statistics analogue 
Ost calculated, too.
27. Fu, C, Qiu, Y. & Kong, 
H.
2003
RAPD analysis for genetic 
diversity in Changium 
smyrnioides (Apiaceae), an 
endangered plant
RAPD locus diversity calculated with Shannon- 
Weaver statistic: Ho= -£pilog2pi, where Pi is the 
frequency of the I band, Ho is the diversity.
28. Micheli, C., Paganin, P., 
Peirano, A., Caye, G., 
Meinesz, A. & Bianchi, 
C.N.
2005
Genetic variability of Posedonia 
oceanica (L.) Delile in relation 
to local factors and 
biogeographic patterns
Cluster analysis UPGMA of the similarity indices 
carried out using NT-S YS software to determine 
similarities among samples; pairwise distance matrix 


















29. Yu, G., Bao, Y., Shi, C„ 
Dong, C. & Ge, S.
2005
Genetic diversity and 
population differentiation of 
liaoning weedy rice detected by 
RAPD ad SSR markers
For both RAPDs and SSRs was measured the 
genetic diversity by the mean number of alleles per 
locus (Na), and the % of polymorphic loci (P); for 
SSRs was measured also He & Ho. These 
parameters computed using POPgene program. To 
assess the overall distribution of genetic diversity Fst 
values were calculated by POPgene for both RAPDs 
and SSRs. AMOVA calculated by WinAmova 
program.
30. Tsuda, Y. Goto, S. & Ide, 
Y
2004
RAPD analysis of genetic 
variation within and among four 
natural populations of Betula 
maximowicziana
Shannon’s indices calculated Ho= -Zpilog2pi; 
number of polymorphic loci; global analysis of 
AMOVA.
31. Caraway, V., Carr, G.& 
Morden, C.W.
2001
Assessment of hybridization 
and introgression in lava- 
colonizing Hawaiian Dubautia 
(Asteraceae: Madiinae) using 
RAPD markers
Both simple matching and Jaccard’s similarity 
coefficients used to assess relatedness of individuals 


















Appendix 10 - Allele frequencies for each of the sites. The frequency p was derived as the number of present bands (+) divided by 
the total number of individuals in each category. The frequency q was 1-p.
CD (n=50) DM (n=32)
Band Id + - . P q + - P q
p277_430 1 49 0.02 0.98 0 32 0.00 1.00
p277_460 0 50 0.00 1.00 1 31 0.03 0.97
p277_490 1 49 0.02 0.98 3 29 0.09 0.91
p277_520 15 35 0.30 0.70 7 25 0.22 0.78
p277_550 5 45 0.10 0.90 8 24 0.25 0.75
p277_580 4 46 0.08 0.92 6 26 0.19 0.81
p277_610 2 48 0.04 0.96 0 32 0.00 1.00
p277_640 1 49 0.02 0.98 0 32 0.00 1.00
p277_670 13 37 0.26 0.74 1 31 0.03 0.97
p277_700 15 35 0.30 0.70 3 29 0.09 0.91
p277_730 7 43 0.14 0.86 4 28 0.13 0.88
p277_760 7 43 0.14 0.86 0 32 0.00 1.00
p277_790 3 47 0.06 0.94 2 30 0.06 0.94
p277_940 0 50 0.00 1.00 4 28 0.13 0.88
p266_280 8 42 0.16 0.84 2 30 0.06 0.94
p266_310 6 44 0.12 0.88 3 29 0.09 0.91
p266 370 1 49 0.02 0.98 2 30 0.06 0.94
p266_400 12 38 0.24 0.76 7 25 0.22 0.78
p266_430 16 34 0.32 0.68 2 30 0.06 0.94
p266_460 14 36 0.28 0.72 3 29 0.09 0.91
p266_490 19 31 0.38 0.62 5 27 0.16 0.84
p266 520 24 26 0.48 0.52 3 29 0.09 0.91
p266_550 11 39 0.22 0.78 9 23 0.28 0.72
p266_580 4 46 0.08 0.92 5 27 0.16 0.84
p266_610 12 38 0.24 0.76 2 30 0.06 0.94
p266_640 6 44 0.12 0.88 4 28 0.13 0.88
p266_670 11 39 0.22 0.78 1 31 0.03 0.97
p266_700 5 45 0.10 0.90 6 26 0.19 0.81
DS (n=23) GC (n=20) LBL (n=47)
+ - P q + - P q . + - P
3 20 0.13 0.87 5 15 0.25 0.75 6 41 0.13
5 18 0.22 0.78 0 20 0.00 1.00 9 38 0.19
9 14 0.39 0.61 5 15 0.25 0.75 8 39 0.17
1 22 0.04 0.96 4 16 0.20 0.80 11 36 0.23
1 22 0.04 0.96 4 16 0.20 0.80 3 44 0.06
4 19 0.17 0.83 0 20 0.00 1.00 2 45 0.04
2 21 0.09 0.91 1 19 0.05 0.95 10 37 0.21
3 20 0.13 0.87 7 13 0.35 0.65 5 42 0.11
5 18 0.22 0.78 1 19 0.05 0.95 5 42 0.11
1 22 0.04 0.96 1 19 0.05 0.95 6 41 0.13
1 22 0.04 0.96 3 17 0.15 0.85 6 41 0.13
1 22 0.04 0.96 2 18 0.10 0.90 2 45 0.04
2 21 0.09 0.91 2 18 0.10 0.90 5 42 0.11
0 23 0.00 1.00 0 20 0.00 1.00 8 39 0.17
2 21 0.09 0.91 0 20 0.00 1.00 0 47 0.00
0 23 0.00 1.00 1 19 0.05 0.95 1 46 0.02
1 22 0.04 0.96 0 20 0.00 1.00 1 46 0.02
0 23 0.00 1.00 1 19 0.05 0.95 5 42 0.11
0 23 0.00 1.00 1 19 0.05 0.95 3 44 0.06
3 20 0.13 0.87 0 20 0.00 1.00 0 47 0.00
2 21 0.09 0.91 1 19 0.05 0.95 6 41 0.13
1 22 0.04 0.96 8 12 0.40 0.60 0 47 0.00
5 18 0.22 0.78 1 19 0.05 0.95 2 45 0.04
7 16 0.30 0.70 0 20 0.00 1.00 0 47 0.00
2 21 0.09 0.91 3 17 0.15 0.85 3 44 0.06
1 22 0.04 0.96 1 19 0.05 0.95 4 43 0.09
3 20 0.13 0.87 1 19 0.05 0.95 3 44 0.06
4 19 0.17 0.83 2 18 0.10 0.90 3 44 0.06
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ML (n=54) NAT (n=21)
q + - P q + - P q +
0.87 1 53 0 . 0 2 0.98 6 15 0.29 0.71 1
0.81 1 53 0 . 0 2 0.98 7 14 0.33 0.67 1
0.83 4 50 0.07 0 .93 1 2 0 0.05 0.95 6
0.77 2 52 0.04 0 .96 1 2 0 0.05 0.95 6
0.94 1 0 44 0.19 0.81 3 18 0.14 0 . 8 6 3
0.96 1 53 0 . 0 2 0 .9 8 1 2 0 0.05 0.95 3
0.79 1 53 0 . 0 2 0 .98 1 2 0 0.05 0.95 0
0.89 0 54 0 . 0 0 1 . 0 0 4 17 0.19 0.81 0
0.89 3 51 0.06 0 .9 4 4 17 0.19 0.81 6
0.87 2 52 0.04 0 .96 2 19 0 . 1 0 0.90 4
0.87 3 51 0.06 0 .94 4 17 0.19 0.81 2
0.96 5 49 0.09 0.91 5 16 0.24 0.76 3
0.89 6 48 0 . 1 1 0 .89 0 2 1 0 . 0 0 1 . 0 0 0
0.83 7 47 0.13 0 .87 0 2 1 0 . 0 0 1 . 0 0 0
1 . 0 0 1 53 0 . 0 2 0 .98 1 2 0 0.05 0.95 5
0.98 0 54 0 . 0 0 1 . 0 0 0 2 1 0 . 0 0 1 . 0 0 5
0.98 1 53 0 . 0 2 0 .98 0 2 1 0 . 0 0 1 . 0 0 9
0.89 0 54 0 . 0 0 1 . 0 0 1 2 0 0.05 0.95 9
0.94 2 52 0.04 0 .96 0 2 1 0 . 0 0 1 . 0 0 8
1 . 0 0 5 49 0.09 0.91 1 2 0 0.05 0.95 7
0.87 7 47 0.13 0 .87 2 19 0 . 1 0 0.90 5
1 . 0 0 23 31 0.43 0 .57 1 0 1 1 0.48 0.52 23
0.96 8 46 0.15 0 .85 4 17 0.19 0.81 14
1 . 0 0 1 53 0 . 0 2 0 .98 5 16 0.24 0 .76 8
0.94 1 53 0 . 0 2 0 .98 6 15 0.29 0.71 5
0.91 1 53 0 . 0 2 0 .9 8 3 18 0.14 0 . 8 6 6
0.94 1 53 0 . 0 2 0 .9 8 0 2 1 0 . 0 0 1 . 0 0 2
0.94 1 53 0 . 0 2 0 .98 2 19 0 . 1 0 0.90 4
-43) PIG (n=44) PL (n=50) PP (n=49)
- P q + - P q + - P q + -
42 0 . 0 2 0.98 1 43 0 . 0 2 0.98 1 49 0 . 0 2 0.98 2 47
42 0 . 0 2 0.98 1 43 0 . 0 2 0.98 0 50 0 . 0 0 1 . 0 0 16 33
37 0.14 0 . 8 6 4 40 0.09 0.91 37 13 0.74 0.26 15 34
37 0.14 0 . 8 6 0 44 0 . 0 0 1 . 0 0 2 48 0.04 0.96 5 44
40 0.07 0.93 1 43 0 . 0 2 0.98 6 44 0 . 1 2 0 . 8 8 0 49
40 0.07 0.93 5 39 0 . 1 1 0.89 8 42 0.16 0.84 6 43
43 0 . 0 0 1 . 0 0 0 44 0 . 0 0 1 . 0 0 2 48 0.04 0.96 4 4 5
43 0 . 0 0 1 . 0 0 0 44 0 . 0 0 1 . 0 0 3 47 0.06 0.94 6 43
37 0.14 0 . 8 6 3 41 0.07 0.93 13 37 0.26 0.74 2 0 29
39 0.09 0.91 4 40 0.09 0.91 16 34 0.32 0 . 6 8 5 44
41 0.05 0.95 4 40 0.09 0.91 2 48 0.04 0.96 2 47
40 0.07 0.93 1 43 0 . 0 2 0.98 4 46 0.08 0.92 5 44
43 0 . 0 0 1 . 0 0 2 42 0.05 0.95 5 45 0 . 1 0 0.90 4 45
43 0 . 0 0 1 . 0 0 0 44 0 . 0 0 1 . 0 0 2 48 0.04 0.96 2 47
38 0 . 1 2 0 . 8 8 8 36 0.18 0.82 1 49 0 . 0 2 0.98 1 48
38 0 . 1 2 0 . 8 8 9 35 0 . 2 0 0.80 5 45 0 . 1 0 0.90 1 48
34 0 . 2 1 0.79 16 28 0.36 0.64 7 43 0.14 0 . 8 6 2 47
34 0 . 2 1 0.79 1 2 32 0.27 0.73 4 46 0.08 0.92 7 42
35 0.19 0.81 1 1 33 0.25 0.75 13 37 0.26 0.74 8 41
36 0.16 0.84 8 36 0.18 0.82 1 2 38 0.24 0.76 1 48
38 0 . 1 2 0 . 8 8 1 1 33 0.25 0.75 1 0 40 0 . 2 0 0.80 7 42
2 0 0.53 0.47 16 28 0.36 0.64 14 36 0.28 0.72 6 43
29 0.33 0.67 23 2 1 0.52 0.48 15 35 0.30 0.70 1 0 39
35 0.19 0.81 1 0 34 0.23 0.77 6 44 0 . 1 2 0 . 8 8 9 4 0
38 0 . 1 2 0 . 8 8 0 44 0 . 0 0 1 . 0 0 0 50 0 . 0 0 1 . 0 0 6 43
37 0.14 0 . 8 6 1 43 0 . 0 2 0.98 1 49 0 . 0 2 0.98 6 4 3
41 0.05 0.95 6 38 0.14 0 . 8 6 1 49 0 . 0 2 0.98 3 46


















1.00 5 49 0.09 0.91 2 19 0.10 0.90 4
1.00 1 53 0.02 0.98 2 19 0.10 0.90 8
1.00 3 51 0.06 0.94 0 21 0.00 1.00 7
0.96 2 52 0.04 0.96 3 18 0.14 0.86 8
1.00 1 53 0.02 0.98 1 20 0.05 0.95 3
0.98 4 50 0.07 0.93 1 20 0.05 0.95 4
0.98 5 49 0.09 0.91 7 14 0.33 0.67 6
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0 .9 8 1 53 0 . 0 2 0.98 1 2 0 0.05 0.95 4
0.91 0 54 0 . 0 0 1 . 0 0 0 2 1 0 . 0 0 1 . 0 0 5
0 .7 0 6 48 0 . 1 1 0.89 0 2 1 0 . 0 0 1 . 0 0 3
0 .7 0 0 54 0 . 0 0 1 . 0 0 1 2 0 0.05 0 .95 1
0 .7 0 2 52 0.04 0.96 1 2 0 0.05 0 .95 4
0 .5 7 2 52 0.04 0.96 0 2 1 0 . 0 0 1 . 0 0 5
1 . 0 0 6 48 0 . 1 1 0.89 0 2 1 0 . 0 0 1 . 0 0 5
0.91 2 52 0.04 0 .96 0 2 1 0 . 0 0 1 . 0 0 5
0 .87 3 51 0.06 0.94 1 2 0 0.05 0.95 6
0 .7 4 3 51 0.06 0 .94 0 2 1 0 . 0 0 1 . 0 0 3
0.81 0 54 0 . 0 0 1 . 0 0 0 2 1 0 . 0 0 1 . 0 0 3
0 . 6 8 2 52 0.04 0.96 0 2 1 0 . 0 0 1 . 0 0 6
0 .89 2 52 0.04 0.96 3 18 0.14 0 . 8 6 1 2
0 .89 0 54 0 . 0 0 1 . 0 0 0 2 1 0 . 0 0 1 . 0 0 1 0
0 .8 9 4 50 0.07 0 .93 1 2 0 0.05 0 .95 7
0 .89 1 53 0 . 0 2 0.98 0 2 1 0 . 0 0 1 . 0 0 3
0 .85 1 53 0 . 0 2 0.98 0 2 1 0 . 0 0 1 . 0 0 4
0 .89 1 53 0 . 0 2 0.98 0 2 1 0 . 0 0 1 . 0 0 5
0 .89 3 51 0.06 0.94 0 2 1 0 . 0 0 1 . 0 0 0
0.81 8 46 0.15 0 .85 0 2 1 0 . 0 0 1 . 0 0 2
0 .85 1 0 44 0.19 0.81 0 2 1 0 . 0 0 1 . 0 0 0
0 .96 27 27 0.50 0.50 0 2 1 0 . 0 0 1 . 0 0 2
0 .98 5 49 0.09 0.91 1 2 0 0.05 0.95 1
0 .94 13 41 0.24 0.76 2 19 0 . 1 0 0.90 1
0 .89 2 52 0.04 0 .96 1 2 0 0.05 0.95 1
0 .94 2 52 0.04 0 .96 2 19 0 . 1 0 0.90 2
0.91 6 48 0 . 1 1 0.89 4 17 0.19 0.81 2
0.91 5 49 0.09 0.91 1 2 0 0.05 0.95 1
0.91 13 41 0.24 0 .76 0 2 1 0 . 0 0 1 . 0 0 1
0 .85 3 51 0.06 0.94 4 17 0.19 0.81 4
0 .89 5 49 0.09 0.91 0 2 1 0 . 0 0 1 . 0 0 5
0 .98 19 35 0.35 0 .65 2 19 0 . 1 0 0.90 4
0 .98 2 1 33 0.39 0.61 3 18 0.14 0 . 8 6 2
0 .98 7 47 0.13 0 .87 1 2 0 0.05 0.95 0
1 . 0 0 6 48 0 . 1 1 0.89 2 19 0 . 1 0 0.90 1
39 0.09 0.91 0 44 0 . 0 0 1 . 0 0 0 50 0 . 0 0 1 . 0 0 6 43
38 0 . 1 2 0 . 8 8 1 43 0 . 0 2 0.98 1 49 0 . 0 2 0.98 1 1 38
40 0.07 0.93 0 44 0 . 0 0 1 . 0 0 0 50 0 . 0 0 1 . 0 0 1 48
42 0 . 0 2 0.98 0 44 0 . 0 0 1 . 0 0 0 50 0 . 0 0 1 . 0 0 0 49
39 0.09 0.91 2 42 0.05 0.95 8 42 0.16 0.84 1 0 39
38 0 . 1 2 0 . 8 8 4 40 0.09 0.91 5 45 0 . 1 0 0.90 0 49
38 0 . 1 2 0 . 8 8 6 38 0.14 0 . 8 6 3 47 0.06 0.94 0 49
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41 0.05 0.95 6 38 0.14 0 . 8 6 1 49 0 . 0 2 0.98 1 48
43 0 . 0 0 1 . 0 0 1 2 32 0.27 0.73 5 45 0 . 1 0 0.90 0 49
41 0.05 0.95 2 2 2 2 0.50 0.50 2 48 0.04 0.96 0 49
42 0 . 0 2 0.98 5 39 0 . 1 1 0.89 4 46 0.08 0.92 1 48
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1 . 0 0 0 54 0 . 0 0 1 . 0 0 3 18 0.14 0 . 8 6 5
0.98 1 53 0 . 0 2 0.98 0 2 1 0 . 0 0 1 . 0 0 0
0.98 2 52 0.04 0.96 3 18 0.14 0 . 8 6 0
0.91 1 53 0 . 0 2 0.98 0 2 1 0 . 0 0 1 . 0 0 3
0.85 4 50 0.07 0.93 1 2 0 0.05 0.95 1
0.94 1 2 42 0 . 2 2 0 .78 0 2 1 0 . 0 0 1 . 0 0 2
0.91 9 45 0.17 0 .83 1 2 0 0.05 0.95 1
0.87 6 48 0 . 1 1 0.89 1 2 0 0.05 0.95 0
0.91 8 46 0.15 0 .85 1 2 0 0.05 0.95 1
0.94 18 36 0.33 0 .67 8 13 0.38 0.62 0
0.94 15 39 0.28 0.72 3 18 0.14 0 . 8 6 2
1 . 0 0 16 38 0.30 0.70 2 19 0 . 1 0 0.90 0
1 . 0 0 9 45 0.17 0.83 2 19 0 . 1 0 0.90 0
1 . 0 0 1 0 44 0.19 0.81 0 2 1 0 . 0 0 1 . 0 0 0
0.98 6 48 0 . 1 1 0.89 1 2 0 0.05 0.95 1
0.98 18 36 0.33 0 .67 0 2 1 0 . 0 0 1 . 0 0 0
1 . 0 0 3 51 0.06 0.94 0 2 1 0 . 0 0 1 . 0 0 1
0.98 8 46 0.15 0.85 1 2 0 0.05 0.95 0
0.98 3 51 0.06 0.94 2 19 0 . 1 0 0.90 3
0.87 6 48 0 . 1 1 0.89 0 2 1 0 . 0 0 1 . 0 0 2
0.96 1 53 0 . 0 2 0.98 3 18 0.14 0 . 8 6 7
0.91 2 52 0.04 0.96 1 2 0 0.05 0.95 6
0.81 15 39 0.28 0.72 0 2 1 0 . 0 0 1 . 0 0 1
0.89 1 1 43 0 . 2 0 0.80 0 2 1 0 . 0 0 1 . 0 0 5
1 . 0 0 2 52 0.04 0.96 1 2 0 0.05 0.95 3
0.94 9 45 0.17 0.83 1 2 0 0.05 0.95 5
0.91 4 50 0.07 0.93 3 18 0.14 0 . 8 6 9
0.94 1 53 0 . 0 2 0.98 0 2 1 0 . 0 0 1 . 0 0 5
0.91 19 35 0.35 0.65 2 19 0 . 1 0 0.90 6
0.87 1 2 42 0 . 2 2 0.78 3 18 0.14 0 . 8 6 7
0.89 8 46 0.15 0.85 2 19 0 . 1 0 0.90 5
0.77 1 0 44 0.19 0.81 2 19 0 . 1 0 0.90 4
0.77 9 45 0.17 0.83 6 15 0.29 0.71 2
0.83 5 49 0.09 0.91 3 18 0.14 0 . 8 6 6
0.89 7 47 0.13 0.87 4 17 0.19 0.81 8
38 0 . 1 2 0 . 8 8 5 39 0 . 1 1 0.89 3 47 0.06 0.94 1 48
43 0 . 0 0 1 . 0 0 3 41 0.07 0.93 2 48 0.04 0.96 2 47
43 0 . 0 0 1 . 0 0 3 41 0.07 0.93 3 47 0.06 0.94 8 41
40 0.07 0.93 3 41 0.07 0.93 3 47 0.06 0.94 3 46
42 0 . 0 2 0.98 0 44 0 . 0 0 1 . 0 0 6 44 0 . 1 2 0 . 8 8 4 45
41 0.05 0.95 1 43 0 . 0 2 0.98 5 45 0 . 1 0 0.90 1 48
42 0 . 0 2 0.98 0 44 0 . 0 0 1 . 0 0 2 48 0.04 0.96 3 46
43 0 . 0 0 1 . 0 0 3 41 0.07 0.93 5 45 0 . 1 0 0.90 2 47
42 0 . 0 2 0.98 7 37 0.16 0.84 8 42 0.16 0.84 2 47
43 0 . 0 0 1 . 0 0 23 2 1 0.52 0.48 2 48 0.04 0.96 9 40
41 0.05 0.95 8 36 0.18 0.82 0 50 0 . 0 0 1 . 0 0 6 43
43 0 . 0 0 1 . 0 0 2 42 0.05 0.95 7 43 0.14 0 . 8 6 2 47
43 0 . 0 0 1 . 0 0 1 0 34 0.23 0.77 5 45 0 . 1 0 0.90 4 45
43 0 . 0 0 1 . 0 0 4 40 0.09 0.91 3 47 0.06 0.94 1 48
42 0 . 0 2 0.98 7 37 0.16 0.84 4 46 0.08 0.92 0 49
43 0 . 0 0 1 . 0 0 2 42 0.05 0.95 2 48 0.04 0.96 0 49
42 0 . 0 2 0.98 4 40 0.09 0.91 0 50 0 . 0 0 1 . 0 0 1 48
43 0 . 0 0 1 . 0 0 1 43 0 . 0 2 0.98 1 49 0 . 0 2 0.98 1 48
40 0.07 0.93 1 43 0 . 0 2 0.98 0 50 0 . 0 0 1 . 0 0 8 41
41 0.05 0.95 6 38 0.14 0 . 8 6 0 50 0 . 0 0 1 . 0 0 2 47
36 0.16 0.84 4 40 0.09 0.91 3 47 0.06 0.94 4 45
37 0.14 0 . 8 6 1 43 0 . 0 2 0.98 2 48 0.04 0.96 3 46
42 0 . 0 2 0.98 7 37 0.16 0.84 5 45 0 . 1 0 0.90 8 41
38 0 . 1 2 0 . 8 8 5 39 0 . 1 1 0.89 5 45 0 . 1 0 0.90 4 45
40 0.07 0.93 3 41 0.07 0.93 3 47 0.06 0.94 8 41
38 0 . 1 2 0 . 8 8 9 35 0 . 2 0 0.80 4 46 0.08 0.92 13 36
34 0 . 2 1 0.79 2 42 0.05 0.95 8 42 0.16 0.84 2 47
38 0 . 1 2 0 . 8 8 3 41 0.07 0.93 4 4 6 0.08 0.92 7 42
37 0.14 0 . 8 6 2 42 0.05 0.95 6 44 0 . 1 2 0 . 8 8 1 1 38
36 0.16 0.84 5 39 0 . 1 1 0.89 2 48 0.04 0.96 8 41
38 0 . 1 2 0 . 8 8 6 38 0.14 0 . 8 6 3 47 0.06 0.94 5 44
39 0.09 0.91 6 38 0.14 0 . 8 6 4 46 0.08 0.92 8 41
41 0.05 0.95 2 42 0.05 0.95 5 45 0 . 1 0 0.90 16 33
37 0.14 0 . 8 6 1 43 0 . 0 2 0.98 0 50 0 . 0 0 1 . 0 0 2 47
35 0.19 0.81 2 42 0.05 0.95 1 49 0 . 0 2 0.98 6 43
226
42 47 49 46 45 47 46 44 44 47 48 46 44 49 49 48
0 0o- 47 49 46 47 48 47 43 46 47 46 3
7 CM 39 48
T_ CDCO 40 47
CMo CO CMCO LO in CM- co ID o o - t—CMo co CM- CMCO CO CMco CM 1- o - 0 0 oT—CD CM
ooCD COcd oooo CO0 0 CM0 0 OCD 0 0h-




CD CDCD CDCD CDr̂ CDCD CDCD COCD
CMCD CDCD COCD CD CMCD oCD ■XCD COCD 0 00 0
CDCD •O’CD COCD
o o o o o o d d d d o o O o d d o d d o O o o o o o d o o o o o o o o





o CMO CMO •M-o ■o-CM
■M"T—■'t ■M"o
co
o x-o o COo CDo
o COo ■X"o CM
O'o COo ■o-o
o o o d d d d d o d o d o d d d o d o o o o d d o d d d d d o d o d o
49
oo
44 43 M- 45
CDCO 44 48 46 47 49 45 49
CD
■'t 43 49 49 48
CDCO 43 43 48 46
CO■x- 48 47 46 45 47 48 44 48 47
CO
-X-
- CMCO h- o> LO CD CM CO T—LO T“ CM r- T— CMCMIs- r~- CM r̂ CMCMco ■M- ID CO CMCO CMCO CM
CDOO 0 0CD COoo 0 0CO
x—









CDCD CDCD <D0 0
LO05 COh- CDCO h- coCD
COh- CD0 0 COCO CD0 0 c-h- LOCD
T"
CD CDCD OCD CMCD CDCD
oco toCD
d d o d d d d d O d o d d d d d d d d o d d d d o d d d o o o d O d o
T—CMo M" CMCO O)CO LOCMoCO -











d d d d d d d d o d d d d d d o d d d o d o d d o o d d d d o o o o o
o>CO 43
ooCO 30 27 COCO CO 39 39 N-CM
0 0CO 39 0 0CO CDCO 43 43 39 42 CMCO oCO M-co 30 CMCO 39
COco 39 34 42 40
CDco 35 CDco 29 35 CMO-
lO - CO TTT—Is- cox̂* LO LO Is- CD LO CD LO - - LO CMCM■M"T—oT— CMLO CD LO o CM KT ID CD CD ID CD CM
CO
0 0
COCD oo 0 00 0 £
x—
o> 0 0O) OOoo r*-Is- Tf0 0 o> 0 0o> CD 0 00 0 0 0 CDCO 0 0 CDIs- LOCD 0 005 COCD LOCD oq
T“
CD IDCD inCD CD inCD COCD
X— 
0 0 CD IDCD COCD inCD ■O'CD
O o d d d d d d d d d d d d d o d d d d d d d d d d d d o d d d d d
h-o CO CMCDCMCDo CMo CMT“ COCMCDV“
X"“
CMCMo CDo CMCD ■M- CD CMLOo CMo Is-o LOO
o
o CDO IDO mo CDO LOo o CD CDO too M"T“ mo CD
d o o d d d d o o d o d d d d o d d d o d d o d o d d d d o o o o d o
37 40 COco
0 0CO CMco O)CO CMCOCO COCO CDCO 0 0 42




■M" ’M" CDCO 40 35 39 co CDco
CO CO i- LO T— T—LO oX“ h- CD - M- LO r̂ - CD r- CD CM- CO CMo 'M' CMCMTT CM CO CD "Cl­ CMCO CM
oCD COh- in05 CMCO
CDCO 0 0 Is-co
oCD CDIs- CDoo OO oo LOCD
oo co0 0 OCD LOo> LOCD LOCD oo oo oCD
LOCD CO0 0 IDCD LOCD oCD mCD oCD IDCD ioCD IDCD oo CO0 0 COCD
d d d d o d d d d d ▼*" d d d d d d d d d d d d d d o o o d d
o ■M"CMCOo 0 0CO ■M-
CD CO
CO or* xrCM
Kf oo oo LOo oo r*
O
T —
LOo LOO LOo oo oo o LOo IDO ino
o
r —








T— X“ ■M-T —' CD CD 0 0 X—CMCM





0 CD oCM CDT — 20 20 20 CM
0 0 CO
T—
CMLO v — 0 0 co Xtf- CMLO CO O o - o co CM- - - o o CMT— co - T - CM - CM - - o CO CO
COIs*-
CDoo CMIs- COCD o h-0 0 h-oo
T ~
0 0
0 0Is- 0 0Is- 0 0Is- ■O'CD CDco 0 0CD
r-CD T -CD 0 0CD ■M-CD CD ■O'CD I—CD op
o
q COCD CD0 0 CO0 0 s Is-CD Is-co h-CD CD CO0 0 CDCD o0 0
05
oo




r-o CDo CO CO cd CMCMCMCM
CMCMCDo - CMo
CD
O CDO CMo CDo CDo COo co oo oo





o o o d o d d d d d d o o d d d d o d o o o d d d d d d d o o d o d d
5 48 39 50 49 47 47 44 42 42 CMCO 0 0"M" 53 49 49 53 LO t-LO ID 47 54 54 50 0 0'M* 45 49 36 36 47 49 45 52 43 48
CO CO lOf T̂ LO 1^ of CMCMCMT - CO CD - LO ID T “ CO CO co Is- o o CD CD m CDT— oo 1^ m CD CM- CO






















T— 00 Is-0 0 CDh- o>0 0
d d d d d o d d d d d d T — X— X” d d d d T —* d d t—d d d d d o o d o
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
42 43 45 47 42 46 45 44 4
4 46 48
COM- 49 45 43 36 48 45 46 00■M- 47 46 45 46 43 29 37 27 34 43 40
CDCO 37 40 42
CO CM h- CO m in CO - - o M- CD co X“* M" CO X-" CM co co CO oCM CM CMCM LO CO 05 X— CM 05
■M-CD co05 0000 M"05 o05 ooh*. oo> O) CM05 COoo CO05 CO05 CM05 CD03 CD05 CD05 O03 COCD 0003 CD03 Op CDCD ■M-00 CD05 CD05 CM05 OO Op op CD05 CD ■Lf1̂ OO CMCD coh-
O d d d o d d d o d d O o d d o d d d d o d o d d x— d O o O o




o CMo CDr* CMo CMo CDO oo Oo oo M"o M"CM COCM oo COCO CMCM
o o d d d d d d d d o o d d o o d o d d d d d d o d d d o d O d d o o
47 49 44 47 45 39 45 47 46 43 48 48 46
00
48 49 45 48 49 48 50 49 42 49 49 46 5
0 50 50 CDM- COCO 37 50 x—co 39
CO - CO CO in - lO CO r- CM CM M" CM CM - m CM - CM o - 00 - - M- o o o CM CMx- cox—o 05x— T“
o>CO 00CD COco oCO CO00 inh» COoo r̂00 CO00 05 CO03 00CD 05 0300 CMoo in03 0300 05 CO03 CO03 CO03 m03 in03 in03 in03 op CD05 oo oo oo OO OO in05
CDCO CO03
d d d d d d d d d d d d o d d d d d d d d d d d d d d d d
- CMCO X—oCM mCM CO M- 05o h-O CMO 05o 00 mo - CDO r̂ -o h-O h-o ino LOo mo mo oo CMO oo oo oo oo oo mo o
d d d d d d o d d o d o o d o d d o d d d d d d o d d d o d o d d o d
39
oCO ooco 35 00CO 33 CDCO 37 COCO 40 43 40 39 CDCO 42 39 40 42 42 CM 42 44 43 44 44 44 44 44 42 39
lO T* CO o> CO - CD r- CO CO - m 00 CM LO CO CO CO CM CM CM CM o - o o o o o CM m CO
COo> X“CO 05 00 0000 COO) oo05 h- 1̂CO 0003 00CO s 00in 00OO 00oo 03 0000 CD00 CDCO CO00 in03 in03 CO00 CO03 x—03 oooo CD05 CDCD COCO 05 CO<73 05r-- CO<73 0 00 0 <M
ci d o d d d o o d d d d d d d d d d d d d d d d d d d d o o ci d d d d
CMo O) X—CM o> CM r*-o CMo COCM COCO CMO CM CO CM CM CM 03O CM xr CM ino mo M- h-o 03O CMT— CMO CM 05o o X—CM o CM 0 0<M
d d o d d d o o d d d o d d d d d d d d d d d d d d d d d d ci d d d d
42
inCO CO mCO 0 0CO 40 CM coCO 29 42 38 COCO 25 0 0CO COCO 03CO 0 0CO 37 37 0 0CO 37 40 39 38 42 CD0 0 37 05CO 40 34 40 0 0CO
r~CO
x—CO 05 0 0 in co x— oT* ■M-T“ T“ in t"- 0 0 in in •M' in CD CD in CM CM co co xr m - m CD ■sr co 05 CO in CMT“
ino> o<33 o05 CO00 CO00 o05 oo in05 OO oO) op oo in03 CD0 0 in03 m03 in03 m03 in03 o03 CD0 0 0 0 oo op m03 op o03 oo OO oo CD0 0 CO o05 CD 0 0
d d o d d d d d x— d d d d d d d d d d •*" d d x— x— O d d d o
ino oT“ oX— KTT” o oo mo oo oT“ oo Oo mo m- ino mo ino ino ino o 03 oo oo ino oo o oo Oo Oo M- CM o CM (73
d d d d d d d d d d d o d d d d d d d d d d d d d d d d d o d o d d d
oCM o>T" 05 0 0 0 0 05 CM oCM CM 03 CM CM 20 0 0T“ oCM oCM oCM 20 oCM 03 0 0 h-
x—CM CM oCM CM 03 x—CM x—CM CM 0 0 CO 05 CD r̂ -
- CM CM CO CO CM o - o CM o o - CO CM CO ■m- O O - o CM O O o CO m CM m ■M-
o> CO<33 CO05 r**-0 0 a> CO05 r-CD 050 0 COM- xrh- CO CO■M" m0 0 1̂0 0 (73oo 030 0 h-CD CO0 0 030 0 o0 0 CO CD03 CDCD 03in oor- CD05 CO03 CD05 CO05 CD05 CO<73 op CD05 T*“0 0 xr<73
d d o d d d o o d d d d d d d d d d d d d d O d d d d d O d d o d d
o>o o ■M-o COT“ COo o CO M"m COCM CMCM CMm in CO COCO h- oCM 03CO o CMCM M"o o CMO ■M-O CMO h-o oo M"o <73 COo
d d o d d d d d o d d d d d d d d d d d d d d d d d d o o d d d d d d
49 50
CMCO 47 LO 50 47 48 25 40 42 26 46 47 48 0 0Xj- COCO 45 0 0M- 43 COCO 52 48 32 42 CMm 50 53 52 53 50 54 52 44 LO
CO ■M* CM r- CO ■cr CO 29 xrT“ CMr—CDCM CO h- CO CD 0 0T—CD CD - CM CM CO CMCM CM CM X—CM T“ o CM ox—CO
op CO<73 oo05 oo CO00 CO05 05CO 05 0500 oo 05 h~CD oo 05 r-~CD xfh- T”03 CD05 03 CDCD 0 003 05CD r̂03 05 05CD op op CD05 CD05 CO05 N-M" XT—05 05CO CMCO CMh-
X” o o x—' d o d o d T- d O T-' o o o d d d d d d d d d x— T“ o d o o o o o d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.






CO CO LO o LO 0 0 CMCO CO•v—CO
0 005 0 0 CMLO
0 005 0 00 0 o0 0
0 003 0 003 0 003 0 0 ■crCO
O d d d d d d d d d O
CMO CO 0 0 CMo CMoCMCMo
CM
o CMo CO COCO
o d d d d d d d d d o
49 42 26 49 44 40 49 49 49 42 3
2
- 0 0 24 - CO
o - r* - 0 0 0 0
COIs—0 0o>r-h- 05 oo05 r-Is—ooo COO) CO0 0 CMco oCO






d d d d d d d d d O d
32 43 34 40 43 34 35
T - 0 0CO 36 35
CMv- o v—oT“ 03 CO CO 0 0 03
COCO CO03 0 0 0 0 LO03
COo> lOo> 03
T~
OO CD03 CO0 0
O d d d d d d d d d o
CMh-o 03 03 LOo r-o LOo 03o 03 CMo
d d d d d d d d d d d
CO
CO 40 35 35 5
o 03CO LOCO CMT T 37
LO co 0 0 0 0 CMco CM 0 0 - CO
oo> CO1- 0 0 COf- CO
op CO LO03 oo
LO03 CO0 0






OO COCO LOo oo LOo
d o d d d d d d d d o
03 CO h- CO COT“ CM oCMCM 20
0 0











d d o o d o O o d o
h-o r-o CMCM CMo
CO CMo COo r-o oo CMo COo
d d o d d d d d d d d
50 50 42 53 47 53 LO 50 54 53
T“
LO




CT) COCO CO 0 005 M"05
T~in f-
o o o o o o o d d d o
46 48 5 45 4
5 43
COCO 47 44 47 44
co T— oo Xf CO co CM in CM in
0000 CD00 CM00 0003 00CO COLO oooo ■sr05 CM03 s CD03
d d d d d d d d d d d
CM T“ oo CMo CM M"M" CM COo COo § O
d d d d d o o o d o d
44 43 49 44
ooCM 44 47 46 47 48
CO 05 - CO CMCM CD CO r̂ co CM
ooCO M"00 CO00 CO03 CO03 CM00 CO03 0003 CO LO05 CO05
d o o d d o d d d o d
CMco CO M-T—h-o Is—o 00 CMO CMo CD LOo r-o
o o d d d o d d d d d
30 37 ooCO M- r* COco 43 43 37 CMM- V"M"
M-T— Is- CO co CO oo T— - i— CM CO
o
o
T*“03 m05 0003 CO03 0005 CO05 0005 0005 LO05 oo05
t— d o d d d d d d d o
o
o 03O LOo CMo CMO CMo CMo CMo CMo LOo CMo
o d d d d d d d d d d
43
03CO M" 42 CMM- 42 CMM" 42 42 M- CMM"
o CM CM -
T*“CD CO 00 CO1- OO o05 o05 oo oq o05 LO05
o d o d T—d o T—d o
03 03 05 M-CM Oo o o oo Oo o LOo
d d o d d o d d d d o
Is- r - 1̂ - CO
V CM 05T— 05 CM CM 05 oCM
M" LO o CMCM o o CM T—
s 00 CO05 M"05 TT03 CO05 CO05 oo oo05 M"05 co05
o d d o d O d T“ o d d
COo 03r* M"o COo CDo M-O •Lfo Oo CMo COo CMo
o d o d d o o d d d o
X—
LO 44 CMLO LO LO CMLO 52 54 53 LO coLO
CO o CM CO CO CM CM o - co r—
05 1-
0 0
LOoo 0 005 oCD c—LO 0 005 h-0 0 0 0 05 h-0 0
o d o o d d d d d d d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
22
9
uo!SS!LUJ0d jnoLjijM pajiqiijojcl uoqonpojdaj ja q p n j j0umo jqBuAdoo 0L|j ] o uo!SS|UJj0d i^ m  p0onpcud0y
o o O o o o p o o
NOb Li Li Li NO Li Li b
O oo NONO00 o NO Pi NO
O o O o o o o p o
oo b 00 CO CO bo bo bo bo Pi 00 CO NOo 00 oo oo
GONO o Pi - "vl -Nl 00 00
1̂ "J ~«l ■y\ oo ~n| -'J oo
OO OO00 -X 1̂ o o
O O o o o o o o o
b b b b __i b b Li NO
Pi GOo OO X co co o GO
p  o  o  o  o  
Li Li o  b  b
O) ^  ^  lv} Iv)
o  o  o  o  o
—I <3> -~4 -~J ^1 U (O M O O)
o  o  o
O -»■ O -k 
Cl IV) 03 O
o  o  
b
o o p o p o p o p o p o
b b Li o _i X Li o Li b Li co
Pi oo o 4̂ o _i NO oo NO o o -*■
p o o o o o o o o _i o o




NO GOOl ~v| NOo CO o
oo oo oo oo oo Ol oo Ol Ol Ol oo Oloo 1̂ -J -^ 1 Ol GO—* oo 00 COCO00
o p p p o o o o o o o o
Li Li Lx Li Li GONONONONOLi NO
Oo■X 4̂ X NONOoo oo -pi NOoo
o  o  
go o  ■GO Pi
p  p






NO b  "O
o o -i p o o o o o o o o o o o o o o o o o o o o o o o p
b b o b bob b b ~v| b bob b b CDbobobobob Lj bo ■'Jb •&
oo"4o Ol oo-A—i o -V| -pi ooNOo -'I Ol ooooooGOooooNO-Pi ooooPi Pi NO


































































94 83 76 71 cn 40 35 36 43 48 53 75 o
50 49 61 67 67
“vl
62 GO . 
Pi * OS'
Ol Ol Ol Pi Pi X GOX X Pi Pi Pi Ol cn cn cn cno o CO NOCOOl O) -si -vl CO o -X o oo 03 o -p NOPi Ol 03 GOoo 00 co CO o> —*
P iP iP iP iC nP iP iP iP iP iC n
(D n i^ ioooooooogooo-v
Ol-NOOtOOOONONlNOSOl
IIOl-Xto
o Oo o Oo o p p p Oo O Oo o o p
o o o o Lahoho La _ A Lx1ao OO o o o La
CD00-vlCD* COCD-vj cn A COCD*vi cn*v| 00COo
o  o o OOp o Op o
o OLaLal_xk) _ A b - a
CDCD |S0N) -A cn
o  o  o  o  o  o  op p .  b(0(D(ooo
-V NO GO -V OO
S  -vl 00 .  _
S  —v W Cl Ol















o  o  o  o  o  o  o
OO NO CO
p o p  
oo oo "'O bo b  -Q 








































































































o> o> 0 0 CMCO CO r- CO in CO CO in CO o 0 0 co x- x- CO CD x—X—CO CMo in CD COCO CO 0 0 <D a > o> o> O) 0 0 CO CO CO Is- CO o> CD CO 0 0 CO 0 0 0 0 Is- CD CD 0 0 o> <D 0 0 CO CD CD
o o o o o o o o o d d o d d o o o d o o o d o o o o d d o o d
CM coo Is-o Is-o COo CDo CO Is- inT“ Is- CMCM in Is-o o CMr* CD CD CM CDo CDo i^ COo o in h-o COo
d d d d d d d d d d d o d d d d d d d d d d o o d d d d d o o
CO CD CO o o oo x— m CD CO CD x— m CM CO Is- in O x— O o 00 CO CD O O
00 00 00 o T— T- o Is- in CO in CM CO CD 00 Is- ■M* Is- CO o o m o CD CO CD
LO In in in LO m 'M' M ’ M- in in in ’M’ in LO
COOU)(DO)O)T-OO^IOO0
< O C O 0 ^ C O C O C O T f N O ) C O O )
oCM LO CO Is-  CO CO LO CO


























































































d d O d o d d d d d d d d d d d d d d d d O d d d d d d d d d
29 28 cdCM CMCO 30 34 35 36 34 CO 37 32 26 COCO 37 34 35 COCO 26 COCO 37 30 CMCO 34 MTCM 35 37 COco 34 34 36
COCM
O ) J l O ) ( O C 0 M ,C0CM^, N T f  CO LO CM in 00  CO X f CO CM TT CM
COCD COo o h- o COCOCOio .— in CON- i- COi— in CO in COO) c~- COh~
O) CD o O) o q O) o CD CD o> CD CD O)O)O) o> CD CD COCD CD CD O) 0 0 O)CDCDCDCDCD
o o o d T” T—o T-‘o o o o o o o o o o d o o o d d o o o o d o o
o O'o oo oo coo oo O O'o O'o ino CDo ino ■>tO coo coo coo COo coo ino o coo in M-o —o COo coo ■o-o coo
o o d d d o o o o o d d o o o d d o d d d d d o d o d o d
CDlONLOCOCO0COmiDlf)^^-^ir)(DCDCOCOS(D^lO(D(DlON0COlO(Dr-.h.h-h-. r- .h-h-h-h-h-h-r‘- h - h - r s-h*-r'-r--h-<ors-h-h-h- (Oh- i s- r s- i s«-r'*-h-













































r -m 00r - oO) ooo
d o d o o o x— o o o o o d d o o d o o d d d d d o d d d d d d
CO CO ooT— ot— ooo ooo oo ooo M- CDCM oCM CDCM f '-co CMCM CO •*tT—h-CM t"-CM CDco CMCM inco CMCM CM CM r-CM CO co cort CMCM o oCM
d d d d d d d d d d d d d d d d d d d d d d d d d d o d d d d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
o> CO o CN CO CO CO LO CO CO CO CO CN CN o CN T— h- CO CO CO CO CO 'N’ CO CO t— CO oo 'N- r - CO T—CO 0 0 O) O) O) CO 0 0 O) CO 0 0 oo <n O) o> o> O) o> o> 0 0 O) O) o> o> o> <n <n 0 0 O) o> o> oo 0 0 o> 0 0 0 0
o o o d d d d d o d d d d d d d d d d d o d d d d d d d d d d d o o d
o 0 0 CO to r̂ h- 0 0 0 0 o CO O) CO N. h- h- h- CO o> CO CN CO <n h- O)
T - T“ t—o o T*“ o T— T"* T~ o o o o o o T—o o o o O o o T " o o o T— T— o T“
o d o o d d d o o o o o o o d o o o d o d o o d o d o d o o d o o o o
o COLO h- t— 00 COCOh- CO x— CO CO CO CO CO o h- o> CN CN CN CO LO CN O cn LO CO Tj- T* T— 00 N -cn LO cn o h- h - co h - T" f o o O) o o o O ) T“ o 0 0 CO o LO






Is - 76 36 82 75 76 0 0CO 36 46 46 53 43 49
CNr- 40 37 37 37 CDCO 34 37 79 50 34 T f 65 CDCD 48 cn 10
2





h -cn oC5 Is -05 h -05 Is -05 LOO )
oo CNcn h-0 0 oo






o LOo LOo CD - 0 0o LOo
CO
o oo CNCO LOo IDO LOo oo oo oo
CO
o oo coo coo COo LOO oo COo
CO o
o
d d d d d d d o d d d o o d d d d d d d d o d o o d d o o o d o d d d
CO






00 37 CD00 37 37 37 36 CDCO 35 33 38
CN LO oT“ - - ID LO CN CO CN CN CD Tt CO CM - o CM CM CM CM o o o - o x—T“ - CM o co CD o
LOG> 0 00 0 CJ»O) Is -en Ti­e n E Is -Is - 0 00 0 r*0 0 0 0 0 0oo COO ) 5 CO05 CNO) CMcn CMO ) •N-cn Is -05 Is -05 oo Is-05 05cn Is -05 CD05 Tj-cn CDIs - coIs- Ti­en CMCD Is -r-- CDIs - 000 0 CMCD h -h-
d d o d d o d d d d d d d o d o O d d d T—O o o o d d d o O d d d O d
LOo CN o ooo CDo o>o
oo
CM











o COo CMCM CMCM COo CD COCM CMCM T“ CD COCN
o d o o o d o o o d d o o d o o d d d o d o o d o d d o o o d d o O o
74 cnCO 77 76 73 Is-
09 69 coCO coCO
69 75 75 72 72 72 73 76 76 78 76 77 76 75 73 CO 61 73 64 60 T—CD 65 64
09
T f 05 T— CM ID Is - CD 05 IDT— IDV-* 05 co Is- co CO CO CO ID CM CM o CM - CM CO ID 17 17 ID 14 18 Is -x— 13 Ti-T - 18
CMCD COIs o05 CM05 M-05 o05 CD05 CM05 CO05 M-05 M-05 T f05 co05 CO05 CD05 CD05 COcn TT05 CDcn CO05 Ti­en CO05 CM0 0 T i­en COIs- 0 0Is- COID o0 0 0 0cn CO05 o0 0 IDCO T i­en 05ID
o o o O o o O o o o o o d o d o o O d d d o o o o d o o o o o d o o O
CD
T“
CMCM oT“ CDO COo o CMO CDo Tto COo COo COo O Tto CMO CMO T fo COO CMo CMO COo Tfo oo COo M"CM CMCM Is-T f oCM CMo § oCM IDCO COo 05CM T—Tfr












































































































o 0 0 CM V LO 0 0 o o CO CO h- o CM o o CO in 05 O 0 0 CM CO CM 05 CO
05 0 0 h- 0 0 OO OO 0 0 o o> 05 o> 0 0 0 0 o> 05 oo 05 05 05 0 0 0 0 CO 05 0 0 05 05 05 05 05 0 0 05
d O O d O d d d d O ci ci d d d d d d d d d d d d d d d d d d d
o CM OO CD LO CO CM o o CO h- CO 05 o co 0 0 o o •'d* m O CM 0 0 h- CO CO 0 0 N-
CM T“ T— T—T—O o T—o t—o T—t—T—T—T—T- o o o o o v- o
ci ci O d d O d o o O ci d d d d d d d d d d d d d d d d d d d d
LO CO OO CM o> CO LO CM CM o o 05 CO 0 0 3̂* CO m CO r̂ CM h- CM
05 oo o> CO h- 0 0 o> o> T“ v h- 0 0 05 05 h- o 05 05 N- CO 05 05 0 0 o T " “ o 05 *"*'M’ CO Tj- Tj- m in ^ r m 3̂- tj- NT LO m LO in to LO
^ ■ ( D ^ f c o T - ^ s N i n o o o i r o o i O T - i n n ^ o o n o o i n i n i n N N C M i o M Si n f f l ! | ; ° ( D M 0 U ) i n n f 0 M D i n i n N ' i f i n i o N ( 0 i n i n ( 0 ^ f 0 ( ,) n ^ i O ( 0
O N ^ ' i f i - 0 ) O O O N ( M ( M ( M i n S ( M O N N l f i N ( D S S N ( O ^ O N S O )o f f l s t o s o o o o o t J i i a o i r a f f i f f l t o o o o w a f f i S M t o o i N o o o f f i O l o o
t^ O O O O O t̂ t-^t- ' o O O O O O O t^ O O O O O O O O O O t^ O O O
oco(otDO)T-ooorooooooomcoooooocoinoo ' s rcocooo '^-<DOoocoT-O O < N t-<NJt- 0 0 O O t- O 0 O O - « - O i- t- O O C M t- t- O C M ' ^ 0 O O t-
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
o o M J O ( N s ^ o o o o o o s T - m i n ( D N ' r ( O t - n < o u ) 0 ) n n i n o ) ( M c o i o s ^c o c o c N i c o c M c o c o c o c o c o c o c o c o c o c o c o f O c o c o c o c o c N J c o c o c o c N c o c o c o c o c o
0 ' - ° < D j I ^ o o o ^ - s n n N T - s o M O N ( ,) 0 ) i n i n n o ) ( o o ( O T - i t
T r N ^ o x j i N f f i o o o i t o ^ n i n i D o t i T - N ^ m n i n s c M ^ s m s f f l f f l ' f No o l i o c o a i o o o i o o N o i o o a o o m o o o o o o o o o o o o o c o a i o x n a o i o i o o l O )
o o o o o o o o o o o o o o o o o o o o o o o o c i o o o o o o
<D00(Oi- '^n'^(MT-Tj-©Nin^MO)(*)(O^fNincO0O(DnTfCO'<t ' r-«D(O
O O C O r O O T - O T - C M O O T - T - O T - T - i - O i - T - T - T - O O O O O O O O O
d d d d d d d d d d o d d d d d d o d o d d d d d d o d d o d
( * ) t MO^Momo)Min(o in«) ino>(0(D(ONU)(ooo(M(»j (o inf f l iONntDSSinU)N(ON(D(DNN(D(DN(D(D(DN(0<0(0(DNNSNNNNNN
B 0 ^ r ? n o ) ? n i n ? J ! (OO)w o U)j: o o w o ( D B cN| (, N n r W ( M
(D t>- (D T -n (O C M ^N C M ^O (D T f0O O M tD O (M in< O O nO C M «)(D C M (O (D0 ) ( D N S S ( O Q ( D O O t O O ) 0 ) N O ) O O N O ) N O O C O t D 0 0 0 1 N O O O ) 0 ) 0 ) 0 ) O D t O
o d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d
^ ( 0 ^ 0 ) N ( N 0 0 ( 0 0 0 0 0 ( D O ^ < D ' t ( N £ 0 ' t O t 0 1 O ^ O S O 0 0 ^ T f i n ( M o jOC0CMCMC'jT-Oi-t-T-O'«-CMOT-CSIO(MCMT-C0T-T-CM(MOOOOT-T-
d d d d d d d d d d d d d d d d d d d d d d d d d d d d d d o
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
GO CD CD o CM o CO CO 00 CO o t j - CM CM h- CO CD CO CM o CD CM T“* Is- N. Is- CD o CD o
00 00 oo o> o> o> o> 00 o> O) o> CD O) CD O) CD CD CD 00 00 00 o> O) 05 00 o> O) 00 00 00 00 o> 00 CD CD
O o o d o o o o o o o o o d o o d o o o o o o o d d d d o o o o o o o
CM
r-









CO CO COT“ T“ oT“ CDo o
d d o d d d d d d d o d d d d d d d d d o d o o o o d d d o o o d o o
’M*T— T " LO OCD CO CD CD o CM CD M- CO CM CD Is- 00CO CD CO CD LO T * LO T — o Is- CD T*" CD h-
00cd Is- CD OOCD 00OCD CD OO CD Oh- LO 00T“ o CD CD Oo 00 t^» Is- o> CD 00 CD
LO LO LO LO LO Tj- i o LO LO lO 'M' LO LO lO IO ’M’ 'M* 'M’ LO
65 58 78 54 45 49 53 66 40 50 39 37 53 35 46 47 50 42
T—Is-
96 09 36 43 54 58 44 48
69 72 70 58 55
09 CMCO 55
05oo oo oq CMCD CD00 LOCD LOCD oo CMCD Is-00 CMCD Is-CD LOCD Is-00 CMCD LOCD LOCD oo CMO) LOCD Is-CD e'­en 1ĈD N-00 oo CD00 Is-CD cnCO CMcn Is-00 mcn Kcn oo e'­en h -05
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Appendix 11 - A llele frequencies for each o f the regions. The frequency p w as derived a s the number o f present bands (+) divided by the  
total number o f individuals in each  category. The frequency q w as 1-p.
Central (n=117] North (n=148) South (n=102) W est(n=182) Total (n=549)
Band Id + - P q + - P q + - P q + - P q + - P q
p277_430 12 105 0.10 0.90 6 142 0.04 0.96 8 94 0.08 0.92 8 174 0.04 0.96 34 515 0.06 0.94
p277_460 9 108 0.08 0.92 23 125 0.16 0.84 9 93 0.09 0.91 21 161 0.12 0.88 62 487 0.11 0.89
p277_490 14 103 0.12 0.88 31 117 0.21 0.79 11 91 0.11 0.89 61 121 0.34 0.66 117 432 0.21 0.79
p277_520 30 87 0.26 0.74 13 135 0.09 0.91 11 91 0.11 0.89 13 169 0.07 0.93 67 482 0.12 0.88
p277_550 12 105 0.10 0.90 10 138 0.07 0.93 10 92 0.10 0.90 35 147 0.19 0.81 67 482 0.12 0.88
p277_580 6 111 0.05 0.95 21 127 0.14 0.86 5 97 0.05 0.95 29 153 0.16 0.84 61 488 0.11 0.89
p277_610 13 104 0.11 0.89 6 142 0.04 0.96 5 97 0.05 0.95 25 157 0.14 0.86 49 500 0.09 0.91
p277 640 13 104 0.11 0.89 9 139 0.06 0.94 8 94 0.08 0.92 20 162 0.11 0.89 50 499 0.09 0.91
p277_670 19 98 0.16 0.84 29 119 0.20 0.80 12 90 0.12 0.88 41 141 0.23 0.77 101 448 0.18 0.82
p277_700 22 95 0.19 0.81 13 135 0.09 0.91 9 93 0.09 0.91 31 151 0.17 0.83 75 474 0.14 0.86
p277_730 16 101 0.14 0.86 11 137 0.07 0.93 10 92 0.10 0.90 16 166 0.09 0.91 53 496 0.10 0.90
p277_760 11 106 0.09 0.91 7 141 0.05 0.95 10 92 0.10 0.90 20 162 0.11 0.89 48 501 0.09 0.91
p277_790 10 107 0.09 0.91 10 138 0.07 0.93 1 101 0.01 0.99 22 160 0.12 0.88 43 506 0.08 0.92
p277_940 8 109 0.07 0.93 6 142 0.04 0.96 1 101 0.01 0.99 21 161 0.12 0.88 36 513 0.07 0.93
p266_280 8 109 0.07 0.93 13 135 0.09 0.91 10 92 0.10 0.90 4 178 0.02 0.98 35 514 0.06 0.94
p266_310 8 109 0.07 0.93 13 135 0.09 0.91 6 96 0.06 0.94 13 169 0.07 0.93 40 509 0.07 0.93
p266_370 2 115 0.02 0.98 21 127 0.14 0.86 14 88 0.14 0.86 14 168 0.08 0.92 51 498 0.09 0.91
p266 400 18 99 0.15 0.85 26 122 0.18 0.82 14 88 0.14 0.86 13 169 0.07 0.93 71 478 0.13 0.87
p266_430 20 97 0.17 0.83 21 127 0.14 0.86 15 87 0.15 0.85 20 162 0.11 0.89 76 473 0.14 0.86
p266 460 14 103 0.12 0.88 15 133 0.10 0.90 19 83 0.19 0.81 35 147 0.19 0.81 83 466 0.15 0.85
p266 490 26 91 0.22 0.78 25 123 0.17 0.83 18 84 0.18 0.82 25 157 0.14 0.86 94 455 0.17 0.83
p266_520 32 85 0.27 0.73 26 122 0.18 0.82 56 46 0.55 0.45 44 138 0.24 0.76 158 391 0.29 0.71
p266 550 14 103 0.12 0.88 47 101 0.32 0.68 34 68 0.33 0.67 30 152 0.16 0.84 125 424 0.23 0.77
p266_580 4 113 0.03 0.97 31 117 0.21 0.79 24 78 0.24 0.76 18 164 0.10 0.90 77 472 0.14 0.86
p266_610 18 99 0.15 0.85 10 138 0.07 0.93 19 83 0.19 0.81 5 177 0.03 0.97 52 497 0.09 0.91
p266 640 11 106 0.09 0.91 12 136 0.08 0.92 14 88 0.14 0.86 2 180 0.01 0.99 39 510 0.07 0.93
p266_670 15 102 0.13 0.87 13 135 0.09 0.91 11 91 0.11 0.89 4 178 0.02 0.98 43 506 0.08 0.92
p266_700 10 107 0.09 0.91 22 126 0.15 0.85 12 90 0.12 0.88 5 177 0.03 0.97 49 500 0.09 0.91
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p284_550 13 104 0.11 0.89 26 122 0.18 0.82
p284_580 14 103 0.12 0.88 29 119 0.20 0.80
p284_610 5 112 0.04 0.96 19 129 0.13 0.87
p284_640 9 108 0.08 0.92 25 123 0.17 0.83
p284_670 9 108 0.08 0.92 19 129 0.13 0.87
p284_700 10 107 0.09 0.91 34 114 0.23 0.77
p284_730 53 64 0.45 0.55 23 125 0.16 0.84
p284_760 25 92 0.21 0.79 33 115 0.22 0.78
p284_790 10 107 0.09 0.91 36 112 0.24 0.76
p284_820 10 107 0.09 0.91 31 117 0.21 0.79
p284_880 6 111 0.05 0.95 23 125 0.16 0.84
p284_910 4 113 0.03 0.97 22 126 0.15 0.85
p284_940 7 110 0.06 0.94 20 128 0.14 0.86
3284 106( 6 111 0.05 0.95 13 135 0.09 0.91
p285_400 4 113 0.03 0.97 13 135 0.09 0.91
p285_430 26 91 0.22 0.78 16 132 0.11 0.89
p285_460 9 108 0.08 0.92 32 116 0.22 0.78
p285_490 14 103 0.12 0.88 9 139 0.06 0.94
p285_520 13 104 0.11 0.89 22 126 0.15 0.85
p285_550 13 104 0.11 0.89 30 118 0.20 0.80
p285_580 3 114 0.03 0.97 18 130 0.12 0.88
p285_640 1 116 0.01 0.99 20 128 0.14 0.86
p285 670 6 111 0.05 0.95 27 121 0.18 0.82
p285_700 22 95 0.19 0.81 27 121 0.18 0.82
p285_730 15 102 0.13 0.87 37 111 0.25 0.75
p285_760 4 113 0.03 0.97 14 134 0.09 0.91
p285_790 12 105 0.10 0.90 21 127 0.14 0.86
p285_820 10 107 0.09 0.91 29 119 0.20 0.80
p285_850 4 113 0.03 0.97 22 126 0.15 0.85
p285_910 7 110 0.06 0.94 9 139 0.06 0.94
p285_970 7 110 0.06 0.94 12 136 0.08 0.92
p287_310 9 108 0.08 0.92 12 136 0.08 0.92
p287_370 12 105 0.10 0.90 21 127 0.14 0.86
p287_400 7 110 0.06 0.94 34 114 0.23 0.77
p287_490 5 112 0.04 0.96 17 131 0.11 0.89
10 92 0.10 0.90 37 145
13 89 0.13 0.87 26 156
7 95 0.07 0.93 24 158
3 99 0.03 0.97 35 147
5 97 0.05 0.95 21 161
10 92 0.10 0.90 12 170
21 81 0.21 0.79 54 128
20 82 0.20 0.80 29 153
21 81 0.21 0.79 13 169
5 97 0.05 0.95 25 157
13 89 0.13 0.87 22 160
8 94 0.08 0.92 23 159
4 98 0.04 0.96 26 156
7 95 0.07 0.93 9 173
9 93 0.09 0.91 12 170
10 92 0.10 0.90 27 155
10 92 0.10 0.90 18 164
17 85 0.17 0.83 10 172
8 94 0.08 0.92 13 169
9 93 0.09 0.91 19 163
6 96 0.06 0.94 18 164
12 90 0.12 0.88 20 162
6 96 0.06 0.94 15 167
8 94 0.08 0.92 21 161
11 91 0.11 0.89 20 162
10 92 0.10 0.90 30 152
9 93 0.09 0.91 13 169
8 94 0.08 0.92 18 164
8 94 0.08 0.92 11 171
14 88 0.14 0.86 7 175
9 93 0.09 0.91 4 178
6 96 0.06 0.94 5 177
4 98 0.04 0.96 8 174
4 98 0.04 0.96 13 169
7 95 0.07 0.93 8 174
245
0.20 0.80 86 463 0.16 0.84
0.14 0.86 82 467 0.15 0.85
0.13 0.87 55 494 0.10 0.90
0.19 0.81 72 477 0.13 0.87
0.12 0.88 54 495 0.10 0.90
0.07 0.93 66 483 0.12 0.88
0.30 0.70 151 398 0.28 0.72
0.16 0.84 107 442 0.19 0.81
0.07 0.93 80 469 0.15 0.85
0.14 0.86 71 478 0.13 0.87
0.12 0.88 64 485 0.12 0.88
0.13 0.87 57 492 0.10 0.90
0.14 0.86 57 492 0.10 0.90
0.05 0.95 35 514 0.06 0.94
0.07 0.93 38 511 0.07 0.93
0.15 0.85 79 470 0.14 0.86
0.10 0.90 69 480 0.13 0.87
0.05 0.95 50 499 0.09 0.91
0.07 0.93 56 493 0.10 0.90
0.10 0.90 71 478 0.13 0.87
0.10 0.90 45 504 0.08 0.92
0.11 0.89 53 496 0.10 0.90
0.08 0.92 54 495 0.10 0.90
0.12 0.88 78 471 0.14 0.86
0.11 0.89 83 466 0.15 0.85
0.16 0.84 58 491 0.11 0.89
0.07 0.93 55 494 0.10 0.90
0.10 0.90 65 484 0.12 0.88
0.06 0.94 45 504 0.08 0.92
0.04 0.96 37 512 0.07 0.93
0.02 0.98 32 517 0.06 0.94
0.03 0.97 32 517 0.06 0.94
0.04 0.96 45 504 0.08 0.92
0.07 0.93 58 491 0.11 0.89
0.04 0.96 37 512 0.07 0.93
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p245_ 220 4 113 0.03
p245 250 5 112 0.04
P245._280 13 104 0.11
p245__310 19 98 0.16
p245__340 20 97 0.17
p245 _370 13 104 0.11
p245._400 17 100 0.15
p245. 430 18 99 0.15
p245_ 460 31 86 0.26
p245. 490 36 81 0.31
p245 _520 7 110 0.06
p245 _550 13 104 0.11
p245. 580 11 106 0.09
P245._610 17 100 0.15
p245._640 26 91 0.22
p245._670 26 91 0.22
p245 _700 29 88 0.25
p245 _730 23 94 0.20
p245_ 760 27 90 0.23
p245. 790 38 79 0.32
p245. 820 37 80 0.32
p245._850 28 89 0.24
p245 _880 20 97 0.17
p245 910 22 95 0.19
p245._940 25 92 0.21
p245 _970 18 99 0.15
3245_100( 16 101 0.14
3245_103( 17 100 0.15
3245_106C 13 104 0.11
3245_109( 16 101 0.14
3245_115C 14 103 0.12
3245_.121C 10 107 0.09
3245_.124C 17 100 0.15
3245_127( 19 98 0.16
3245 130( 11 106 0.09
0.97 9 139 0.06 0.94
0.96 11 137 0.07 0.93
0.89 5 143 0.03 0.97
0.84 6 142 0.04 0.96
0.83 37 111 0.25 0.75
0.89 33 115 0.22 0.78
0.85 29 119 0.20 0.80
0.85 9 139 0.06 0.94
0.74 48 100 0.32 0.68
0.69 33 115 0.22 0.78
0.94 44 104 0.30 0.70
0.89 19 129 0.13 0.87
0.91 8 140 0.05 0.95
0.85 13 135 0.09 0.91
0.78 11 137 0.07 0.93
0.78 26 122 0.18 0.82
0.75 16 132 0.11 0.89
0.80 41 107 0.28 0.72
0.77 24 124 0.16 0.84
0.68 26 122 0.18 0.82
0.68 26 122 0.18 0.82
0.76 36 112 0.24 0.76
0.83 25 123 0.17 0.83
0.81 18 130 0.12 0.88
0.79 25 123 0.17 0.83
0.85 18 130 0.12 0.88
0.86 14 134 0.09 0.91
0.85 9 139 0.06 0.94
0.89 17 131 0.11 0.89
0.86 11 137 0.07 0.93
0.88 6 142 0.04 0.96
0.91 14 134 0.09 0.91
0.85 13 135 0.09 0.91
0.84 11 137 0.07 0.93
0.91 12 136 0.08 0.92
10 92 0.10 0.90 17 165
3 99 0.03 0.97 22 160
2 100 0.02 0.98 13 169
4 98 0.04 0.96 22 160
43 59 0.42 0.58 32 150
3 99 0.03 0.97 46 136
4 98 0.04 0.96 32 150
6 96 0.06 0.94 29 153
38 64 0.37 0.63 36 146
6 96 0.06 0.94 38 144
8 94 0.08 0.92 7 175
5 97 0.05 0.95 18 164
8 94 0.08 0.92 15 167
16 86 0.16 0.84 26 156
20 82 0.20 0.80 17 165
7 95 0.07 0.93 25 157
11 91 0.11 0.89 12 170
28 74 0.27 0.73 31 151
13 89 0.13 0.87 45 137
12 90 0.12 0.88 25 157
26 76 0.25 0.75 51 131
18 84 0.18 0.82 23 159
4 98 0.04 0.96 20 162
16 86 0.16 0.84 12 170
15 87 0.15 0.85 17 165
13 89 0.13 0.87 21 161
6 96 0.06 0.94 21 161
12 90 0.12 0.88 19 163
17 85 0.17 0.83 11 171
9 93 0.09 0.91 9 173
15 87 0.15 0.85 12 170
4 98 0.04 0.96 12 170
6 96 0.06 0.94 20 162
13 89 0.13 0.87 14 168
5 97 0.05 0.95 9 173
247
0.09 0.91 40 509 0.07 0.93
0.12 0.88 41 508 0.07 0.93
0.07 0.93 33 516 0.06 0.94
0.12 0.88 51 498 0.09 0.91
0.18 0.82 132 417 0.24 0.76
0.25 0.75 95 454 0.17 0.83
0.18 0.82 82 467 0.15 0.85
0.16 0.84 62 487 0.11 0.89
0.20 0.80 153 396 0.28 0.72
0.21 0.79 113 436 0.21 0.79
0.04 0.96 66 483 0.12 0.88
0.10 0.90 55 494 0.10 0.90
0.08 0.92 42 507 0.08 0.92
0.14 0.86 72 477 0.13 0.87
0.09 0.91 74 475 0.13 0.87
0.14 0.86 84 465 0.15 0.85
0.07 0.93 68 481 0.12 0.88
0.17 0.83 123 426 0.22 0.78
0.25 0.75 109 440 0.20 0.80
0.14 0.86 101 448 0.18 0.82
0.28 0.72 140 409 0.26 0.74
0.13 0.87 105 444 0.19 0.81
0.11 0.89 69 480 0.13 0.87
0.07 0.93 68 481 0.12 0.88
0.09 0.91 82 467 0.15 0.85
0.12 0.88 70 479 0.13 0.87
0.12 0.88 57 492 0.10 0.90
0.10 0.90 57 492 0.10 0.90
0.06 0.94 58 491 0.11 0.89
0.05 0.95 45 504 0.08 0.92
0.07 0.93 47 502 0.09 0.91
0.07 0.93 40 509 0.07 0.93
0.11 0.89 56 493 0.10 0.90
0.08 0.92 57 492 0.10 0.90
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T—co iô r-o CO M" oT— r * CO00O CDo COT~ Is-o COo Is-o Is-o COo COo
































o>CO£ 64 CMCOoIs- 62 COCO 39 87 79 57 58 70 44 49 87 40 T™CO 40 41 34 34
oo> COr - LOo> Oo> O) CO<d CD XTCDCOCDLOOO0000 oCD 00 oCD CD CO00 xrCDCOCDCOCDCD LOCD LOCD
o o d d d d d d d d d d d d d d d d d d d d
o
CM
IOo o <Do Is-o COo COo Io LOT“ CM o*T“ CDo CDo r - COo Is—o Is-O CDO IOO LOo






COCO LOCO CDCOT—Is- V“h - or - LOIO 5 COCO00XT COCO LOCOT—LO t *r— CDCOCDCO LOCO CMr- CMIs -T—T- T—▼ - T-’ T“ T- V“ ■*“ T— T—T—T_ T—T—'r_ T“ T— T—T—
00 co O) <D Is- 00 CM Is— T*** CD xr CD Is- COCO K o o
T_ N’ T—T“* T” T_ T“ T _ CM CNT_ CO T_ T_ CO t * r * T—T_
oo> oCOCO00 o>00 XTo> Is -00 oO) OCD 1 ^CD0000 xTCD CD00 CD00 xTCD h -CD xrCD T"CD r-CD CDCD CMCD Is—CDr-<D





COo COo o COo CN<T“ COo COo COo COo CDO COo T“o 00o COo COo
d d d o d d d d d d d d d d d d d d d d d d
92 CMCO 85 T-o> COO) O)00 CMo> 92




10 20 17 - CO CO 10 o co CM CO - - CDCO CO CD COT—00 CO CO
COCD CDIs- 00 VCD COoo COoo Is-CD COCD ooo CM00 00oo CD00 CD00 CNCD xrCD CO00 Is—00 00CD VO) Is-CD COCD COCD
d d d d d d d d d d d d d d d d d d d d d d
Is-o CM CD CDO Is-T— COo h-o oCM oo CNT“ T—00o COo Is-T—CO CMo CDo COo Is-o Is-o

























o CO 28 14 25 25 LO V 30 CDCN CO I- i— 12 CD inCM 19 CO xr 10 10
xrIs- LO00 s LO00 oo 5 55 xTCD xTCO 00CO o05 s co05 M"05 COOO 05i— 0505 oCD oCD oCD CD *r~CD
d o d d d d d d d O o o o o d d o d d d o d
COCM LO CDo LO O) CDo CDo COo COCO CN o O)o i—o COo Is- CM o o o o CDO CDO
































*r~ r- O OO CMT“ O CMM" CNT— 00 Is». OCO T* t“ T“ CM•t— ■M- T“ ■*“ 1—* CM
o o O O O o o o O O O o o O O
CMm 00 r- o CO COCMm oo V" 1-





CNCMCMCMCMCMCMCMCMCMCMCMCMCMCMQ. Q. CLCLQ. CLCLCLQ. CLQ. CLQ. Q. CL
IO  _  CN CN CN
O  t* ) (D  S  tO  (D  O l 
O  O  O  CM CO CO CO
CM CN CN CM CM CM CN



















Appendix 12 - Allele frequencies for each of the sexual characteristics. The frequency p was derived as the number of present bands (+) 
divided by the total number of individuals in each category. The frequency q was 1-p.
Female (n = 141) Male (n = 197) Vegetative (n = 158) Total (n = 496)
Band Id ■ + - P q + - P q + - P q + - P q
p277_430 11 130 0.08 0.92 15 182 0.08 0.92 5 153 0.03 0.97 31 465 0.06 0.94
p277_460 17 124 0.12 0.88 30 167 0.15 0.85 8 150 0.05 0.95 55 441 0.11 0.89
p277_490 31 110 0.22 0.78 48 149 0.24 0.76 26 132 0.16 0.84 105 391 0.21 0.79
p277_520 18 123 0.13 0.87 24 173 0.12 0.88 17 141 0.11 0.89 59 437 0.12 0.88
p277_550 14 127 0.10 0.90 28 169 0.14 0.86 24 134 0.15 0.85 66 430 0.13 0.87
p277 580 13 128 0.09 0.91 28 169 0.14 0.86 12 146 0.08 0.92 53 443 0.11 0.89
p277_610 12 129 0.09 0.91 25 172 0.13 0.87 9 149 0.06 0.94 46 450 0.09 0.91
p277_640 19 122 0.13 0.87 16 181 0.08 0.92 9 149 0.06 0.94 44 452 0.09 0.91
p277 670 24 117 0.17 0.83 44 153 0.22 0.78 18 140 0.11 0.89 86 410 0.17 0.83
p277 700 24 117 0.17 0.83 24 173 0.12 0.88 20 138 0.13 0.87 68 428 0.14 0.86
p277_730 10 131 0.07 0.93 17 180 0.09 0.91 22 136 0.14 0.86 49 447 0.10 0.90
p277_760 13 128 0.09 0.91 15 182 0.08 0.92 13 145 0.08 0.92 41 455 0.08 0.92
p277 790 10 131 0.07 0.93 14 183 0.07 0.93 14 144 0.09 0.91 38 458 0.08 0.92
p277_940 11 130 0.08 0.92 16 181 0.08 0.92 8 150 0.05 0.95 35 461 0.07 0.93
p266_280 5 136 0.04 0.96 12 185 0.06 0.94 13 145 0.08 0.92 30 466 0.06 0.94
p266_310 12 129 0.09 0.91 14 183 0.07 0.93 9 149 0.06 0.94 35 461 0.07 0.93
p266_370 14 127 0.10 0.90 11 186 0.06 0.94 19 139 0.12 0.88 44 452 0.09 0.91
p266_400 16 125 0.11 0.89 26 171 0.13 0.87 23 135 0.15 0.85 65 431 0.13 0.87
p266_430 21 120 0.15 0.85 27 170 0.14 0.86 23 135 0.15 0.85 71 425 0.14 0.86
p266_460 24 117 0.17 0.83 25 172 0.13 0.87 29 129 0.18 0.82 78 418 0.16 0.84
p266 490 26 115 0.18 0.82 31 166 0.16 0.84 29 129 0.18 0.82 86 410 0.17 0.83
p266_520 38 103 0.27 0.73 46 151 0.23 0.77 54 104 0.34 0.66 138 358 0.28 0.72
p266_550 36 105 0.26 0.74 33 164 0.17 0.83 44 114 0.28 0.72 113 383 0.23 0.77
p266_580 19 122 0.13 0.87 24 173 0.12 0.88 28 130 0.18 0.82 71 425 0.14 0.86
p266_610 8 133 0.06 0.94 25 172 0.13 0.87 17 141 0.11 0.89 50 446 0.10 0.90
p266_640 7 134 0.05 0.95 22 175 0.11 0.89 9 149 0.06 0.94 38 458 0.08 0.92
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Appendix 13 - Allele frequencies for each of the thorns/no thorns categories. The 
frequency p was derived as the number of present bands (+) divided by the total number 
of individuals in each category. The frequency q was 1-p.
No Thorns (n=18)














































P q + - P
0.06 0.94 7 75 0.09
0.00 1.00 9 73 0.11
0.11 0.89 9 73 0.11
0.06 0.94 9 73 0.11
0.11 0.89 7 75 0.09
0.00 1.00 5 77 0.06
0.06 0.94 4 78 0.05
0.22 0.78 4 78 0.05
0.06 0.94 10 72 0.12
0.06 0.94 8 74 0.10
0.06 0.94 8 74 0.10
0.06 0.94 9 73 0.11
0.06 0.94 0 82 0.00
0.00 1.00 1 81 0.01
0.06 0.94 9 73 0.11
0.06 0.94 5 77 0.06
0.06 0.94 12 70 0.15
0.17 0.83 11 71 0.13
0.22 0.78 11 71 0.13
0.22 0.78 15 67 0.18
0.28 0.72 13 69 0.16
0.67 0.33 42 40 0.51
0.28 0.72 29 53 0.35
0.39 0.61 17 65 0.21
0.06 0.94 17 65 0.21
0.28 0.72 9 73 0.11
0.17 0.83 8 74 0.10
0.22 0.78 8 74 0.10
0.11 0.89 9 73 0.11
0.17 0.83 10 72 0.12
0.22 0.78 11 71 0.13
0.17 0.83 15 67 0.18
0.17 0.83 10 72 0.12
0.28 0.72 10 72 0.12
0.28 0.72 17 65 0.21
0.11 0.89 10 72 0.12
0.22 0.78 7 75 0.09
0.06 0.94 7 75 0.09
0.11 0.89 6 76 0.07
0.00 1.00 9 73 0.11
0.22 0.78 10 72 0.12
0.17 0.83 15 67 0.18
0.11 0.89 8 74 0.10
0.22 0.78 9 73 0.11
Total (n=100)
q + - P q
0.91 8 92 0.08 0.92
0.89 9 91 0.09 0.91
0.89 11 89 0.11 0.89
0.89 10 90 0.10 0.9
0.91 9 91 0.09 0.91
0.94 5 95 0.05 0.95
0.95 5 95 0.05 0.95
0.95 8 92 0.08 0.92
0.88 11 89 0.11 0.89
0.90 9 91 0.09 0.91
0.90 9 91 0.09 0.91
0.89 10 90 0.10 0.9
1.00 1 99 0.01 0.99
0.99 1 99 0.01 0.99
0.89 10 90 0.10 0.9
0.94 6 94 0.06 0.94
0.85 13 87 0.13 0.87
0.87 14 86 0.14 0.86
0.87 15 85 0.15 0.85
0.82 19 81 0.19 0.81
0.84 18 82 0.18 0.82
0.49 54 46 0.54 0.46
0.65 34 66 0.34 0.66
0.79 24 76 0.24 0.76
0.79 18 82 0.18 0.82
0.89 14 86 0.14 0.86
0.90 11 89 0.11 0.89
0.90 12 88 0.12 0.88
0.89 11 89 0.11 0.89
0.88 13 87 0.13 0.87
0.87 15 85 0.15 0.85
0.82 18 82 0.18 0.82
0.88 13 87 0.13 0.87
0.88 15 85 0.15 0.85
0.79 22 78 0.22 0.78
0.88 12 88 0.12 0.88
0.91 11 89 0.11 0.89
0.91 8 92 0.08 0.92
0.93 8 92 0.08 0.92
0.89 9 91 0.09 0.91
0.88 14 86 0.14 0.86
0.82 18 82 0.18 0.82
0.90 10 90 0.10 0.9
0.89 13 87 0.13 0.87
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p275 520 4 14 0.22 0.78 22 60 0.27 0.73 26 74 0.26 0.74
p275 550 3 15 0.17 0.83 5 77 0.06 0.94 8 92 0.08 0.92
p275_580 3 15 0.17 0.83 4 78 0.05 0.95 7 93 0.07 0.93
p275_610 3 15 0.17 0.83 7 75 0.09 0.91 10 90 0.10 0.9
p275 640 1 17 0.06 0.94 10 72 0.12 0.88 11 89 0.11 0.89
p275_670 2 16 0.11 0.89 5 77 0.06 0.94 7 93 0.07 0.93
p275_700 7 11 0.39 0.61 13 69 0.16 0.84 20 80 0.20 0.8
p275_730 4 14 0.22 0.78 14 68 0.17 0.83 18 82 0.18 0.82
p275_760 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p275_790 5 13 0.28 0.72 19 63 0.23 0.77 24 76 0.24 0.76
p275_820 3 15 0.17 0.83 10 72 0.12 0.88 13 87 0.13 0.87
p275_850 2 16 0.11 0.89 4 78 0.05 0.95 6 94 0.06 0.94
p275_880 5 13 0.28 0.72 14 68 0.17 0.83 19 81 0.19 0.81
p275_910 4 14 0.22 0.78 5 77 0.06 0.94 9 91 0.09 0.91
p275_940 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p275 970 4 14 0.22 0.78 10 72 0.12 0.88 14 86 0.14 0.86
p275_1000 3 15 0.17 0.83 15 67 0.18 0.82 18 82 0.18 0.82
p275_1060 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p275_1090 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p275_1120 2 16 0.11 0.89 0 82 0.00 1.00 2 98 0.02 0.98
p275_1150 5 13 0.28 0.72 12 70 0.15 0.85 17 83 0.17 0.83
p275_1180 3 15 0.17 0.83 12 70 0.15 0.85 15 85 0.15 0.85
p275 1210 2 16 0.11 0.89 1 81 0.01 0.99 3 97 0.03 0.97
p275 1240 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p275_1270 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p275 1300 6 12 0.33 0.67 6 76 0.07 0.93 12 88 0.12 0.88
p275_1330 2 16 0.11 0.89 5 77 0.06 0.94 7 93 0.07 0.93
p282 340 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p282_370 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p282_400 3 15 0.17 0.83 14 68 0.17 0.83 17 83 0.17 0.83
p282 430 1 17 0.06 0.94 13 69 0.16 0.84 14 86 0.14 0.86
p282_490 5 13 0.28 0.72 6 76 0.07 0.93 11 89 0.11 0.89
p282_520 3 15 0.17 0.83 9 73 0.11 0.89 12 88 0.12 0.88
p282_550 2 16 0.11 0.89 8 74 0.10 0.90 10 90 0.10 0.9
p282_580 6 12 0.33 0.67 10 72 0.12 0.88 16 84 0.16 0.84
p282_610 1 17 0.06 0.94 3 79 0.04 0.96 4 96 0.04 0.96
p282_640 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p282_670 5 13 0.28 0.72 19 63 0.23 0.77 24 76 0.24 0.76
p282_700 2 16 0.11 0.89 14 68 0.17 0.83 16 84 0.16 0.84
p282_940 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p282_970 4 14 0.22 0.78 10 72 0.12 0.88 14 86 0.14 0.86
p284_100 0 18 0.00 1.00 0 82 0.00 1.00 0 100 0.00 1
p284_130 0 18 0.00 1.00 2 80 0.02 0.98 2 98 0.02 0.98
p284_160 1 17 0.06 0.94 1 81 0.01 0.99 2 98 0.02 0.98
p284_190 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p284_220 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p284_250 1 17 0.06 0.94 1 81 0.01 0.99 2 98 0.02 0.98
p284_340 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p284_370 2 16 0.11 0.89 5 77 0.06 0.94 7 93 0.07 0.93
p284_400 2 16 0.11 0.89 5 77 0.06 0.94 7 93 0.07 0.93
p284_430 3 15 0.17 0.83 6 76 0.07 0.93 9 91 0.09 0.91
p284_460 1 17 0.06 0.94 10 72 0.12 0.88 11 89 0.11 0.89
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p284 490 2 16 0.11 0.89 9 73 0.11 0.89 11 89 0.11 0.89
p284 520 3 15 0.17 0.83 7 75 0.09 0.91 10 90 0.10 0.9
p284_550 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p284_580 3 15 0.17 0.83 8 74 0.10 0.90 11 89 0.11 0.89
p284_610 0 18 0.00 1.00 7 75 0.09 0.91 7 93 0.07 0.93
p284_640 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p284 670 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p284 700 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p284_730 4 14 0.22 0.78 17 65 0.21 0.79 21 79 0.21 0.79
p284_760 5 13 0.28 0.72 15 67 0.18 0.82 20 80 0.20 0.8
p284_790 5 13 0.28 0.72 16 66 0.20 0.80 21 79 0.21 0.79
p284_820 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p284_880 1 17 0.06 0.94 10 72 0.12 0.88 11 89 0.11 0.89
p284_910 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p284_940 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p284 1060 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p285_400 4 14 0.22 0.78 5 77 0.06 0.94 9 91 0.09 0.91
p285_430 2 16 0.11 0.89 8 74 0.10 0.90 10 90 0.10 0.9
p285_460 2 16 0.11 0.89 8 74 0.10 0.90 10 90 0.10 0.9
p285_490 2 16 0.11 0.89 14 68 0.17 0.83 16 84 0.16 0.84
p285_520 0 18 0.00 1.00 8 74 0.10 0.90 8 92 0.08 0.92
p285_550 3 15 0.17 0.83 6 76 0.07 0.93 9 91 0.09 0.91
p285_580 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p285_640 5 13 0.28 0.72 7 75 0.09 0.91 12 88 0.12 0.88
p285_670 3 15 0.17 0.83 3 79 0.04 0.96 6 94 0.06 0.94
p285_700 2 16 0.11 0.89 6 76 0.07 0.93 8 92 0.08 0.92
p285_730 2 16 0.11 0.89 9 73 0.11 0.89 11 89 0.11 0.89
p285_760 3 15 0.17 0.83 7 75 0.09 0.91 10 90 0.10 0.9
p285_790 3 15 0.17 0.83 6 76 0.07 0.93 9 91 0.09 0.91
p285_820 3 15 0.17 0.83 5 77 0.06 0.94 8 92 0.08 0.92
p285 850 2 16 0.11 0.89 6 76 0.07 0.93 8 92 0.08 0.92
p285_910 2 16 0.11 0.89 12 70 0.15 0.85 14 86 0.14 0.86
p285_970 4 14 0.22 0.78 4 78 0.05 0.95 8 92 0.08 0.92
p287 310 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p287_370 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p287_400 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p287_490 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p287_520 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p287_550 0 18 0.00 1.00 2 80 0.02 0.98 2 98 0.02 0.98
p287_580 0 18 0.00 1.00 7 75 0.09 0.91 7 93 0.07 0.93
p287 610 1 17 0.06 0.94 8 74 0.10 0.90 9 91 0.09 0.91
p287_640 2 16 0.11 0.89 8 74 0.10 0.90 10 90 0.10 0.9
p287 670 1 17 0.06 0.94 3 79 0.04 0.96 4 96 0.04 0.96
p287_700 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p287_730 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p287_760 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p287_790 4 14 0.22 0.78 11 71 0.13 0.87 15 85 0.15 0.85
p287_820 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p287 850 1 17 0.06 0.94 2 80 0.02 0.98 3 97 0.03 0.97
p235 310 1 17 0.06 0.94 2 80 0.02 0.98 3 97 0.03 0.97
p235 340 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p235 400 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
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p235 490 1 17 0.06 0.94 3 79 0.04 0.96 4 96 0.04 0.96
p235_520 0 18 0.00 1.00 9 73 0.11 0.89 9 91 0.09 0.91
p235_550 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p235_610 2 16 0.11 0.89 6 76 0.07 0.93 8 92 0.08 0.92
p235_640 2 16 0.11 0.89 5 77 0.06 0.94 7 93 0.07 0.93
p235_670 2 16 0.11 0.89 6 76 0.07 0.93 8 92 0.08 0.92
p235_700 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p235_730 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p235_760 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p235_790 1 17 0.06 0.94 2 80 0.02 0.98 3 97 0.03 0.97
p235_850 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p235_880 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p235_910 0 18 0.00 1.00 11 71 0.13 0.87 11 89 0.11 0.89
p235_940 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p235_970 3 15 0.17 0.83 9 73 0.11 0.89 12 88 0.12 0.88
p235_1120 1 17 0.06 0.94 3 79 0.04 0.96 4 96 0.04 0.96
p235_1150 0 18 0.00 1.00 2 80 0.02 0.98 2 98 0.02 0.98
p235_1270 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p235_1300 0 18 0.00 1.00 1 81 0.01 0.99 1 99 0.01 0.99
p235_1960 1 17 0.06 0.94 3 79 0.04 0.96 4 96 0.04 0.96
p245 220 1 17 0.06 0.94 8 74 0.10 0.90 9 91 0.09 0.91
p245 250 1 17 0.06 0.94 2 80 0.02 0.98 3 97 0.03 0.97
p245_280 0 18 0.00 1.00 2 80 0.02 0.98 2 98 0.02 0.98
p245 310 1 17 0.06 0.94 3 79 0.04 0.96 4 96 0.04 0.96
p245 340 4 14 0.22 0.78 39 43 0.48 0.52 43 57 0.43 0.57
p245 370 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p245 400 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p245_430 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p245_460 5 13 0.28 0.72 33 49 0.40 0.60 38 62 0.38 0.62
p245_490 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p245_520 3 15 0.17 0.83 5 77 0.06 0.94 8 92 0.08 0.92
p245_550 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p245_580 0 18 0.00 1.00 8 74 0.10 0.90 8 92 0.08 0.92
p245_610 2 16 0.11 0.89 13 69 0.16 0.84 15 85 0.15 0.85
p245_640 3 15 0.17 0.83 15 67 0.18 0.82 18 82 0.18 0.82
p245_670 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p245_700 2 16 0.11 0.89 9 73 0.11 0.89 11 89 0.11 0.89
p245_730 2 16 0.11 0.89 25 57 0.30 0.70 27 73 0.27 0.73
p245_760 3 15 0.17 0.83 10 72 0.12 0.88 13 87 0.13 0.87
p245_790 0 18 0.00 1.00 12 70 0.15 0.85 12 88 0.12 0.88
p245_820 3 15 0.17 0.83 23 59 0.28 0.72 26 74 0.26 0.74
p245 850 3 15 0.17 0.83 15 67 0.18 0.82 18 82 0.18 0.82
p245_880 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p245_910 1 17 0.06 0.94 15 67 0.18 0.82 16 84 0.16 0.84
p245_940 2 16 0.11 0.89 13 69 0.16 0.84 15 85 0.15 0.85
p245 970 2 16 0.11 0.89 11 71 0.13 0.87 13 87 0.13 0.87
p245_1000 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p245_1030 0 18 0.00 1.00 12 70 0.15 0.85 12 88 0.12 0.88
p245_1060 1 17 0.06 0.94 16 66 0.20 0.80 17 83 0.17 0.83
p245_1090 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p245 1150 2 16 0.11 0.89 13 69 0.16 0.84 15 85 0.15 0.85
p245 1210 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
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p245_1240 2 16 0.11 0.89 4 78 0.05 0.95 6 94 0.06 0.94
p245_1270 0 18 0.00 1.00 13 69 0.16 0.84 13 87 0.13 0.87
p245_1300 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p245_1330 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p245_1390 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p245_1420 0 18 0.00 1.00 15 67 0.18 0.82 15 85 0.15 0.85
p245_1450 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p245_1480 1 17 0.06 0.94 3 79 0.04 0.96 4 96 0.04 0.96
p245_1510 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p245_1540 4 14 0.22 0.78 10 72 0.12 0.88 14 86 0.14 0.86
p245_1570 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p245_1600 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p245_1630 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p245_1720 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p245_1930 0 18 0.00 1.00 12 70 0.15 0.85 12 88 0.12 0.88
p245 1990 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p251_280 4 14 0.22 0.78 8 74 0.10 0.90 12 88 0.12 0.88
p251_400 1 17 0.06 0.94 3 79 0.04 0.96 4 96 0.04 0.96
p251_430 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p251_460 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p251_490 5 13 0.28 0.72 12 70 0.15 0.85 17 83 0.17 0.83
p251 520 9 9 0.50 0.50 25 57 0.30 0.70 34 66 0.34 0.66
p251 550 2 16 0.11 0.89 15 67 0.18 0.82 17 83 0.17 0.83
p251_580 2 16 0.11 0.89 15 67 0.18 0.82 17 83 0.17 0.83
p251_610 1 17 0.06 0.94 13 69 0.16 0.84 14 86 0.14 0.86
p251_640 2 16 0.11 0.89 4 78 0.05 0.95 6 94 0.06 0.94
p251_670 2 16 0.11 0.89 8 74 0.10 0.90 10 90 0.10 0.9
p251_700 4 14 0.22 0.78 18 64 0.22 0.78 22 78 0.22 0.78
p251_730 3 15 0.17 0.83 6 76 0.07 0.93 9 91 0.09 0.91
p251_760 7 11 0.39 0.61 12 70 0.15 0.85 19 81 0.19 0.81
p251 790 0 18 0.00 1.00 10 72 0.12 0.88 10 90 0.10 0.9
p251 820 6 12 0.33 0.67 9 73 0.11 0.89 15 85 0.15 0.85
p251_880 0 18 0.00 1.00 11 71 0.13 0.87 11 89 0.11 0.89
p251 910 2 16 0.11 0.89 3 79 0.04 0.96 5 95 0.05 0.95
p251_940 4 14 0.22 0.78 8 74 0.10 0.90 12 88 0.12 0.88
p251_970 1 17 0.06 0.94 8 74 0.10 0.90 9 91 0.09 0.91
p251_1000 6 12 0.33 0.67 5 77 0.06 0.94 11 89 0.11 0.89
p251_1030 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p251 1240 2 16 0.11 0.89 6 76 0.07 0.93 8 92 0.08 0.92
p251_1480 4 14 0.22 0.78 5 77 0.06 0.94 9 91 0.09 0.91
p261_370 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p261_400 1 17 0.06 0.94 1 81 0.01 0.99 2 98 0.02 0.98
p261_640 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p261_670 2 16 0.11 0.89 8 74 0.10 0.90 10 90 0.10 0.9
p261_730 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p261 820 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p261_880 1 17 0.06 0.94 8 74 0.10 0.90 9 91 0.09 0.91
p261_910 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p261_940 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p261_970 2 16 0.11 0.89 5 77 0.06 0.94 7 93 0.07 0.93
p261_1000 4 14 0.22 0.78 11 71 0.13 0.87 15 85 0.15 0.85
p261_1060 2 16 0.11 0.89 10 72 0.12 0.88 12 88 0.12 0.88
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p261_1090 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p261_1120 3 15 0.17 0.83 4 78 0.05 0.95 7 93 0.07 0.93
p261_1150 0 18 0.00 1.00 9 73 0.11 0.89 9 91 0.09 0.91
p261_1480 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p288_250 0 18 0.00 1.00 2 80 0.02 0.98 2 98 0.02 0.98
p288_280 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p288_310 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p288_340 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p288_430 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p288_460 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p288_490 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p288_520 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p288_550 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p288_670 3 15 0.17 0.83 7 75 0.09 0.91 10 90 0.10 0.9
p288_700 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p288_730 5 13 0.28 0.72 11 71 0.13 0.87 16 84 0.16 0.84
p288_760 0 18 0.00 1.00 13 69 0.16 0.84 13 87 0.13 0.87
p288_790 4 14 0.22 0.78 13 69 0.16 0.84 17 83 0.17 0.83
p288_820 2 16 0.11 0.89 10 72 0.12 0.88 12 88 0.12 0.88
p288_850 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p288_880 3 15 0.17 0.83 4 78 0.05 0.95 7 93 0.07 0.93
p288_910 1 17 0.06 0.94 13 69 0.16 0.84 14 86 0.14 0.86
p288_940 2 16 0.11 0.89 9 73 0.11 0.89 11 89 0.11 0.89
p288_970 2 16 0.11 0.89 6 76 0.07 0.93 8 92 0.08 0.92
p288_1000 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p288_1030 3 15 0.17 0.83 8 74 0.10 0.90 11 89 0.11 0.89
p288_1060 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p288_1090 3 15 0.17 0.83 4 78 0.05 0.95 7 93 0.07 0.93
p288_1180 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p288_1210 5 13 0.28 0.72 5 77 0.06 0.94 10 90 0.10 0.9
p288_1240 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p288_1270 3 15 0.17 0.83 6 76 0.07 0.93 9 91 0.09 0.91
p288_1480 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p288_1630 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p288_1660 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p288_1690 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p220_160 2 16 0.11 0.89 0 82 0.00 1.00 2 98 0.02 0.98
p220_220 2 16 0.11 0.89 3 79 0.04 0.96 5 95 0.05 0.95
p220_250 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p220_310 2 16 0.11 0.89 8 74 0.10 0.90 10 90 0.10 0.9
p220_340 3 15 0.17 0.83 3 79 0.04 0.96 6 94 0.06 0.94
p220_370 2 16 0.11 0.89 9 73 0.11 0.89 11 89 0.11 0.89
p220_400 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p220_430 0 18 0.00 1.00 1 81 0.01 0.99 1 99 0.01 0.99
p220_460 0 18 0.00 1.00 8 74 0.10 0.90 8 92 0.08 0.92
p220_490 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p220_520 2 16 0.11 0.89 5 77 0.06 0.94 7 93 0.07 0.93
p220_550 1 17 0.06 0.94 12 70 0.15 0.85 13 87 0.13 0.87
p220_580 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p220_610 4 14 0.22 0.78 8 74 0.10 0.90 12 88 0.12 0.88
p220_640 3 15 0.17 0.83 8 74 0.10 0.90 11 89 0.11 0.89
p220_670 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
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p220 700 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p220_730 0 18 0.00 1.00 10 72 0.12 0.88 10 90 0.10 0.9
p220_760 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p220_790 5 13 0.28 0.72 16 66 0.20 0.80 21 79 0.21 0.79
p220_820 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p220_850 1 17 0.06 0.94 8 74 0.10 0.90 9 91 0.09 0.91
p220_880 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p220_910 3 15 0.17 0.83 15 67 0.18 0.82 18 82 0.18 0.82
p220_940 4 14 0.22 0.78 15 67 0.18 0.82 19 81 0.19 0.81
p220_970 4 14 0.22 0.78 11 71 0.13 0.87 15 85 0.15 0.85
p220_1000 1 17 0.06 0.94 8 74 0.10 0.90 9 91 0.09 0.91
p220_1030 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p220_1060 2 16 0.11 0.89 13 69 0.16 0.84 15 85 0.15 0.85
p220 1090 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p220 1120 1 17 0.06 0.94 13 69 0.16 0.84 14 86 0.14 0.86
p220 1150 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p220_1180 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p220_1240 0 18 0.00 1.00 4 78 0.05 0.95 4 96 0.04 0.96
p220_1300 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p220_1330 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p220_1390 0 18 0.00 1.00 9 73 0.11 0.89 9 91 0.09 0.91
p220_1450 3 15 0.17 0.83 10 72 0.12 0.88 13 87 0.13 0.87
p220_1480 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p210_100 3 15 0.17 0.83 1 81 0.01 0.99 4 96 0.04 0.96
p210_130 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p210 160 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p210_190 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p210_220 0 18 0.00 1.00 8 74 0.10 0.90 8 92 0.08 0.92
p210_250 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p210_280 2 16 0.11 0.89 11 71 0.13 0.87 13 87 0.13 0.87
p210 310 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p210_340 2 16 0.11 0.89 3 79 0.04 0.96 5 95 0.05 0.95
p210_370 0 18 0.00 1.00 8 74 0.10 0.90 8 92 0.08 0.92
p210_400 4 14 0.22 0.78 11 71 0.13 0.87 15 85 0.15 0.85
p210_430 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p210_460 1 17 0.06 0.94 4 78 0.05 0.95 5 95 0.05 0.95
p210_490 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p210_520 3 15 0.17 0.83 13 69 0.16 0.84 16 84 0.16 0.84
p210 550 4 14 0.22 0.78 11 71 0.13 0.87 15 85 0.15 0.85
p210_580 2 16 0.11 0.89 3 79 0.04 0.96 5 95 0.05 0.95
p210_610 2 16 0.11 0.89 10 72 0.12 0.88 12 88 0.12 0.88
p210_640 1 17 0.06 0.94 13 69 0.16 0.84 14 86 0.14 0.86
p210_670 3 15 0.17 0.83 10 72 0.12 0.88 13 87 0.13 0.87
p210 700 4 14 0.22 0.78 6 76 0.07 0.93 10 90 0.10 0.9
p210_730 3 15 0.17 0.83 7 75 0.09 0.91 10 90 0.10 0.9
p210_760 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
p210_790 2 16 0.11 0.89 12 70 0.15 0.85 14 86 0.14 0.86
p210_820 2 16 0.11 0.89 13 69 0.16 0.84 15 85 0.15 0.85
p210_850 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p210 880 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p210_910 1 17 0.06 0.94 7 75 0.09 0.91 8 92 0.08 0.92
p210_940 5 13 0.28 0.72 18 64 0.22 0.78 23 77 0.23 0.77
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p210 970 0 18 0.00 1.00 12 70 0.15 0.85 12 88 0.12 0.88
p210 1000 4 14 0.22 0.78 5 77 0.06 0.94 9 91 0.09 0.91
p210_1030 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p210_1060 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p210_1090 2 16 0.11 0.89 11 71 0.13 0.87 13 87 0.13 0.87
p210_1120 3 15 0.17 0.83 6 76 0.07 0.93 9 91 0.09 0.91
p210 1180 0 18 0.00 1.00 9 73 0.11 0.89 9 91 0.09 0.91
p210_1210 3 15 0.17 0.83 5 77 0.06 0.94 8 92 0.08 0.92
p210_1240 2 16 0.11 0.89 7 75 0.09 0.91 9 91 0.09 0.91
p210_1270 0 18 0.00 1.00 9 73 0.11 0.89 9 91 0.09 0.91
p210_1300 2 16 0.11 0.89 4 78 0.05 0.95 6 94 0.06 0.94
p210_1330 0 18 0.00 1.00 5 77 0.06 0.94 5 95 0.05 0.95
p222_100 2 16 0.11 0.89 6 76 0.07 0.93 8 92 0.08 0.92
p222_130 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p222 250 5 13 0.28 0.72 3 79 0.04 0.96 8 92 0.08 0.92
p222 280 1 17 0.06 0.94 6 76 0.07 0.93 7 93 0.07 0.93
p222 310 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p222_370 2 16 0.11 0.89 7 75 0.09 0.91 9 91 0.09 0.91
p222_400 4 14 0.22 0.78 13 69 0.16 0.84 17 83 0.17 0.83
p222_430 0 18 0.00 1.00 8 74 0.10 0.90 8 92 0.08 0.92
p222_460 1 17 0.06 0.94 10 72 0.12 0.88 11 89 0.11 0.89
p222_490 4 14 0.22 0.78 18 64 0.22 0.78 22 78 0.22 0.78
p222 520 3 15 0.17 0.83 5 77 0.06 0.94 8 92 0.08 0.92
p222_550 1 17 0.06 0.94 9 73 0.11 0.89 10 90 0.10 0.9
p222_580 7 11 0.39 0.61 13 69 0.16 0.84 20 80 0.20 0.8
p222_610 1 17 0.06 0.94 15 67 0.18 0.82 16 84 0.16 0.84
p222 640 2 16 0.11 0.89 9 73 0.11 0.89 11 89 0.11 0.89
p222_670 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p222_700 2 16 0.11 0.89 11 71 0.13 0.87 13 87 0.13 0.87
p222 730 5 13 0.28 0.72 5 77 0.06 0.94 10 90 0.10 0.9
p222_760 1 17 0.06 0.94 8 74 0.10 0.90 9 91 0.09 0.91
p222_820 1 17 0.06 0.94 2 80 0.02 0.98 3 97 0.03 0.97
p222_850 3 15 0.17 0.83 8 74 0.10 0.90 11 89 0.11 0.89
p222_880 1 17 0.06 0.94 5 77 0.06 0.94 6 94 0.06 0.94
p222_910 3 15 0.17 0.83 8 74 0.10 0.90 11 89 0.11 0.89
p222 940 3 15 0.17 0.83 8 74 0.10 0.90 11 89 0.11 0.89
p222_970 0 18 0.00 1.00 6 76 0.07 0.93 6 94 0.06 0.94
p222_1000 1 17 0.06 0.94 2 80 0.02 0.98 3 97 0.03 0.97
p222_1030 2 16 0.11 0.89 4 78 0.05 0.95 6 94 0.06 0.94
p222_1060 1 17 0.06 0.94 8 74 0.10 0.90 9 91 0.09 0.91
p222_1270 1 17 0.06 0.94 1 81 0.01 0.99 2 98 0.02 0.98
p222_1330 0 18 0.00 1.00 1 81 0.01 0.99 1 99 0.01 0.99
p222 1360 2 16 0.11 0.89 6 76 0.07 0.93 8 92 0.08 0.92
p222 1390 0 18 0.00 1.00 3 79 0.04 0.96 3 97 0.03 0.97
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